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Executive Summary

A significant source of lead in many childhood environments

is old deteriorating leaded paint.  Exposure to lead by children

under the age of seven can cause serious health problems,

including irreversible central nervous system damage resulting in

learning and behavioral disabilities.  Many older housing

structures in the U.S. have been found to contain substantial

amounts of leaded paint, some of which is in poor condition. 

Therefore, several measures, including the use of encapsulants,

are being investigated as methods to help control exposures to

lead-based paint hazards.

Encapsulants are durable coatings systems designed to cover

existing leaded paint, and thereby control the further

deterioration of the paint and the resulting distribution of fine

lead particles to household dust and exterior soil.  However,

most encapsulant products are relatively new and there is

currently little information that can be used to predict their

effectiveness.  Furthermore, approved performance standards do

not yet exist which can be used to approve these products for use

in residential environments.  The American Society for Testing

and Materials (ASTM) Task Group E06.23.30 on Encapsulation of

Leaded Paint is currently developing such standards; however, few

data have been submitted to ASTM which can serve as the technical

basis for setting these standards.

Recognizing this critical need for data, the U.S. Department

of Housing and Urban Development (HUD) and the U.S. Environmental

Protection Agency (EPA) decided to begin evaluating currently

available tests for encapsulation products.  The performance

properties and test methods identified to date by ASTM E06.23.30

have wide use in testing paint products and specialty coatings. 

However, only limited testing with these protocols has been

performed on encapsulant products, and the viability of many test
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methods for use with encapsulants is not yet known.  Therefore,

the overall objective of this study was to evaluate the

appropriateness of standard ASTM test protocols for assessing the

performance characteristics of encapsulants for leaded paint. 

Specifically, the study was intended to (1) collect data to help

determine the feasibility of a battery of test protocols drafted

by ASTM E06.23.30 using both liquid coatings and reinforced

liquid coatings; (2) provide information that can support the

assessment of existing draft minimum performance standards; and

(3) assess the variability of these test methods between two

laboratories and within a single laboratory.  The results of this

study have been analyzed at two levels, a qualitative evaluation

of the feasibility of conducting the tests on these new

encapsulant products, as well as a quantitative statistical

analysis to assess variability in the test data.

This report presents the results from these testing

activities.  Testing was conducted in April-August of 1994 at two

independent laboratories, and included a set of ten standard ASTM

protocols run under ambient laboratory conditions, as well as

after water immersion or weathering.  Tests were run on 6 liquid

encapsulants, 4 reinforced encapsulants, and 4 paints.  These

products were generally applied to various standard metal or

plastic test panels before testing according to the ASTM

protocols although one set of tests involved evaluating free

films of each coating.  This study generated approximately 3800

new data on the performance of encapsulation products.

It is important to note several caveats associated with this

study which limit the extent to which the results and conclusions

can be projected to other laboratories and coating products. 

First, it must be emphasized that this project was intended to

evaluate the ASTM test protocols and not to evaluate the selected

coating products.  While comparisons among various products are

made in this report, these analyses are only used to better
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understand the variability which might be expected in the results

from the test protocols.  Second, only two laboratories

participated in the testing of this project, and these

laboratories were not chosen at random from the hundreds of U.S.

facilities that could have performed the tests.  The two

participating laboratories were chosen, based on technical and

cost factors, from among approximately ten firms which responded

to a competitive request for proposals.  Finally, only a limited

number of coating products were tested in this project, and these

products were not chosen at random, but instead were selected

specifically to represent the range of products available in

1994.  Because neither the products nor the laboratories were

chosen at random, it is not possible to extend the results from

this study to the broader population of products and laboratories

available in the U.S.

The overall study conclusions can be summarized according to

each of the three project objectives stated above.  First, the

feasibility of testing was evaluated for 13 ASTM protocols or

combinations of protocols, and in almost all cases the selected

protocols were found to be feasible.  The two notable exceptions

where serious procedural difficulties were encountered were the

pull adhesion test run after water immersion and the scrub

resistance test run after weathering.  Other difficulties were

also experienced for some particular combinations of test

protocols and encapsulant products.  Second, assessment of the

1995 draft ASTM minimum performance standards found five tests

where draft standards were available.  In all cases the draft

standards were found to be feasible because they fell within the

range of all observed test results.  Third, evaluation of testing

variability between two laboratories and within a single

laboratory focused on both product-to-product and panel-to-panel

differences.  As might be expected, the variability in test

results was quite different depending on the particular protocol
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and products being tested.  In some cases no variability was

found (i.e., all test results were the same), while in other

cases the standard deviation of the test data was more than 100%

of the mean value measured.

  The qualitative assessment of the test methods examined

practical problems associated with conducting the protocols on

encapsulant products, as well as issues that could affect the

ability of the methods to distinguish among different types of

products based on test performance.  Overall, most of the test

protocols were found to be feasible for most of the encapsulants

selected, although there were testing challenges in some cases. 

The major issues identified by the qualitative evaluation for

each method are as follows:

• Tape adhesion -- This is a semi-quantitative test with
limited sensitivity (i.e., ability to distinguish among
products) that rates coatings on a scale from 0 to 5. 
This test was not performed for reinforced products
because cutting the product, which is a necessary step in
the method, is likely to introduce stresses to the coating
which can adversely affect adhesion.

• Pull adhesion -- Instrumentation is an important factor
for this test and should be selected to meet the
anticipated pull-off strengths of the coatings to be
tested.  The dolly adhesive is also quite important
because several cases were observed where the adhesive
failed to adhere well either to the dolly itself, or to
the product being tested.  This issue was particularly
important when testing after water immersion since
fastening the dolly soon after immersion was not feasible
because the dolly adhesive would not cure to the wet
surface, and fastening the dolly before immersion did not
allow for complete exposure of the product to the water. 
Also, scoring around the dolly is an option under ASTM D
4541 so that this test measures local adhesion rather than
adhesion distributed across the entire panel.  However,
scoring is difficult with reinforced products and may
stress the coating causing loss of adhesion.  In addition,
the 0.01 inch tin-plated steel panel used in this study
was found to be too thin because it deformed during
execution of the test.  This protocol is no longer
included by ASTM E06.23.30 for adhesion testing.
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• Scrub resistance -- Because of the wide range of coating
thicknesses tested it was difficult to distinguish among
various products.  This test is designed to be run until
failure, although ASTM E06.23.30 currently only requires
testing to 1200 cycles.  However, many products were
tested to 5000 cycles without failure which was quite
labor intensive and time consuming.  In fact, all
reinforced encapsulants tested were run to 5000 cycles
without failure, indicating that this test may be
inappropriate for such products.  In addition, scrub
testing after weathering caused two technical problems. 
First, the standard plastic panels were too large to fit
in the weathering chamber.  The panels had to be cut to
fit the chamber necessitating modification of the sample
holding frame on the scrub test machine.  Second, the
black plastic panels warped and deformed in the weathering
cycle so that the test surface was not flat.

• Flexibility -- This test could not be run on one product
because the test panels were too thick to fit into the
testing apparatus.  Also, questionable results were
obtained for products with poor adhesion to the tin-plated
steel panels used for testing.

• Impact resistance -- In the case of the cementitious
products, it was difficult to determine whether cracking
or simply compression of the coating occurred after
impact, thereby making the impact resistance measurements
uncertain.

• Dry abrasion resistance -- Because this test records both
cycles to failure and weight loss, it provides two
quantitative measures of product durability.  However,
testing of the cementitious products was problematic due
to excessive wear of the abrasion wheels.

• Viscoelastic properties -- Difficulties were encountered
producing free films for some products.  In the case of
many reinforced products, it was also difficult to cut the
coatings into strips for testing without stressing the
samples and causing a loss of tensile strength.  Tensile
strength was found to be greatly affected by the
reinforcing material although no quantitative assessment
of the effect of the reinforcing mats was made.  In
addition, there were several cases where stiffness of the
films could not be measured because the samples ruptured
before 1% elongation was reached, which is the point at
which the first measurement is taken.
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• Blistering, chalking, and pencil hardness -- No serious
problems were encountered, although these are semi-
quantitative tests with only limited sensitivity to detect
differences among products.

The quantitative assessment of the test methods addressed

four different objectives:  (1) compare test results against

draft ASTM E06.23.30 standards, (2) assess differences between

two testing laboratories, (3) assess within-laboratory

differences among replicate test panels and replicate encapsulant

samples, and (4) assess the ability of different test methods to

distinguish among different types of products.  The following

points summarize some of the most important findings from the

statistical analysis:

• ASTM E06.23.30 draft standards were available for five of
the tests performed in this study -- tape adhesion, scrub
resistance, flexibility, impact resistance, and chalking.
 In all cases the draft standards appeared reasonable from
the perspective that many of the products would have
passed, and thus the standards do not appear to be too
restrictive.  However, not all products would necessarily
have passed the standards, and thus the standards also do
not appear to be too loose.

• Laboratory differences were found to be large for tape
adhesion for unexposed panels and panels after water
immersion, scrub resistance for unexposed panels, and
impact resistance.

• Measurement variability among replicate test panels was
found to be significant for pull adhesion for unexposed
panels and viscoelastic elongation.  Replicate product
variability was found to be significant for tape adhesion
for unexposed panels (products LE3 and LE5) and
viscoelastic elongation.  In all cases, greater
variability in the test data leads to a requirement for a
greater number of tests to demonstrate statistical
significance in the results, for example, to demonstrate
differences among various products.

• The data in some cases indicated different readings for
unexposed panels and exposed panels--tape adhesion
performed after water immersion and weathering, pull
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adhesion performed after water immersion and weathering,
scrub resistance performance after weathering, and pencil
hardness performed after water immersion (greater
differences for liquid products than for reinforced
products).  The data in two cases indicated no differences
between the test results for exposed and unexposed panels-
-flexibility and blistering.

• Results for several tests were found to be different for
liquid products and reinforced products--pull adhesion
after weathering, scrub resistance, dry abrasion,
viscoelastic properties, blistering, and pencil hardness.
 Results in five cases were found to be essentially the
same for liquid and reinforced products--tape adhesion,
pull adhesion for unexposed panels, flexibility, impact
resistance, and chalking.

• Testing results in several cases indicated significantly
different readings for the liquid encapsulants and 
paints--tape adhesion, pull adhesion, scrub resistance, 
impact resistance, dry abrasion, and viscoelastic
properties.  Testing results in four cases indicated no
significant difference between readings for liquid
encapsulants and paints--flexibility, blistering,
chalking, and pencil hardness.



viii

Table of Contents

Page

1.0  INTRODUCTION .............................................  1

1.1  PEER REVIEW ........................................... 3

2.0  STUDY DESIGN .............................................  4

2.1  STUDY OBJECTIVES ....................................   4
2.2  SELECTION OF ASTM TEST METHODS ......................   6
2.3  SELECTION OF ENCAPSULANT PRODUCTS ..................   12
2.4  TEST PLAN ...........................................  17
2.5  TEST PANEL SELECTION AND PREPARATION ................  22

2.5.1  Panel Selection .................................  22
2.5.2  Panel Preparation ...............................  23

3.0  DATA ANALYSIS APPROACH ................................... 29

3.1  QUALITATIVE ASSESSMENT OF TEST METHODS ..............  29
3.2  STATISTICAL ANALYSIS OF THE TEST RESULTS ............  30

4.0  STUDY RESULTS ............................................ 38

4.1   OVERALL DATA COMPLETENESS ..........................  38
4.2   OVERALL SUMMARY STATISTICS .........................  41
4.3   DRY FILM THICKNESS .................................  47
4.4   TAPE ADHESION ......................................  52
4.5   PULL ADHESION ......................................  61
4.6   SCRUB RESISTANCE ...................................  74
4.7   FLEXIBILITY ........................................  83
4.8   IMPACT RESISTANCE .................................  89
4.9   DRY ABRASION RESISTANCE ............................  94
4.10  VISCOELASTIC PROPERTIES ..........................   107
4.11  BLISTERING .......................................   118
4.12  CHALKING ........................................... 124
4.13  PENCIL HARDNESS ...................................  127

5.0  QUALITY ASSURANCE ......................................  136

5.1  METHODS EMPLOYED ..................................   136
5.2  AUDIT RESULTS .....................................   138

6.0  RECOMMENDATIONS ........................................  149

7.0  REFERENCES .............................................. 153



ix

APPENDIX DETAILED DATA LISTING



x

List of Figures

Page

Figure 1. Dry System Thickness Results for All Panels
and Free Films ..................................... 48

Figure 2. Tape Adhesion Results for Unexposed Panels ......... 54

Figure 3. Tape Adhesion Results for Immersed Panels .......... 57

Figure 4. Tape Adhesion Results for Weathered Panels ......... 59

Figure 5. Pull Adhesion Results for Unexposed Panels ......... 65

Figure 6. Pull Adhesion Results for Immersed
(10 minute dry) Panels ............................. 69

Figure 7. Pull Adhesion Results for Immersed
(120 minute dry) Panels ............................ 70

Figure 8. Pull Adhesion Results for Weathered Panels ......... 72

Figure 9. Scrub Resistance Results for Unexposed Panels ...... 77

Figure 10. Scrub Resistance Results for Weathered Panels ...... 81

Figure 11. Flexibility Results for Unexposed Panels ........... 84

Figure 12. Flexibility Results for Weathered Panels ........... 88

Figure 13. Impact Resistance Pass/Fail Frequencies
for Unexposed Panels ............................... 91

Figure 14. Impact Resistance Results for Unexposed
Panels ............................................. 92

Figure 15. Dry Abrasion End Point Results for
Unexposed Panels ................................... 96

Figure 16. Dry Abrasion Weight Loss at 1000 Cycles
Results for Unexposed Panels ...................... 101

Figure 17. Dry Abrasion Weight Loss at End Point
Results for Unexposed Panels ...................... 103

Figure 18. Dry Abrasion Wear Index at End Point
Results for Unexposed Panels ...................... 106



xi

Figure 19. Viscoelastic Tensile Strength Results
for Unexposed Free Films .........................  110

Figure 20. Viscoelastic Elongation Results for
Unexposed Free Films .............................  114

Figure 21. Viscoelastic Stiffness Results for
Unexposed Free Films .............................  116

Figure 22. Blistering Results for Immersed Panels ...........  120

Figure 23. Blistering Results for Weathered Panels ..........  122

Figure 24. Chalking Results for Weathered Panels ............  126

Figure 25. Pencil Hardness for Unexposed Panels .............  129

Figure 26. Pencil Hardness for Immersed
(10 minute dry) Panels ...........................  133

Figure 27. Pencil Hardness Results for Immersed
(120 minute dry) Panels ..........................  134



xii

List of Tables

Page

Table 1.   Summary of Performance Tests on Encapsulants
           for Interior Use ...................................  7

Table 2.   Summary of Performance Tests on Encapsulants
           for Exterior Use ...................................  8

Table 3.   Referenced Documents ...............................  9

Table 4.   Summary of Encapsulant Products Identified ........  14

Table 5.   Encapsulants and Standard Paints Selected
           for Testing ........................................ 16

Table 6.   Product ID Codes for Encapsulants and
           Paints Selected for Testing ........................ 18

Table 7.   Summary of the Number of Performance Tests Run ..... 19

Table 8.   Panel Type Used with Each ASTM Test ...............  24

Table 9.   Application Parameters for Panel Preparation ....... 25

Table 10.  Product System Target Thickness .................... 26

Table 11.  Summary of Data Completeness ....................... 39

Table 12.  Summary Statistics for ASTM Test Results ........... 42

Table 13.  Statistical Modeling Results ....................... 45

Table 14.  Results of Multiple Pairwise Comparisons for
           Dry Film Thickness and Tape Adhesion Testing ....... 51

Table 15.  Results of Multiple Pairwise Comparisons for
           Pull Adhesion Testing .............................. 68

Table 16.  Results of Multiple Pairwise Comparisons for
           Scrub Resistance Testing ........................... 79

Table 17.  Results of Multiple Pairwise Comparisons for
           Flexibility and Impact Resistance Testing .......... 86

Table 18.  Results of Multiple Pairwise Comparisons for
           Dry Abrasion Resistance Testing .................... 98



xiii

Table 19.  Results of Multiple Pairwise Comparisons for
           Viscoelastic Properties ..........................  111

Table 20.  Results of Multiple Pairwise Comparisons for
           Blistering and Chalking Tests ....................  123

Table 21.  Results of Multiple Pairwise Comparisons for
           Pencil Hardness Testing ..........................  131

Table 22.  Summary of Data Audit Panels and Performance
           Tests ............................................. 144



1.0  INTRODUCTION

Childhood lead poisoning has been recognized as one of

this country's most important environmental health problems. 

Exposure of children under the age of seven to significant

amounts of lead can cause a variety of health problems, perhaps

the most common and notable of which is irreversible central

nervous system damage resulting in learning and behavioral

disabilities.  As a result, Congress has enacted a broad program

of regulatory, policy, educational, and research initiatives

aimed at eliminating childhood lead poisoning.

One significant source of lead in many childhood

environments is old deteriorating leaded paint.  Lead was a

common constituent of paint up until 1978 when it was essentially

banned for residential use by the Consumer Product Safety

Commission.  Many older housing structures, particularly many

built before 1970, may contain significant amounts of leaded

paint, some of which may be in poor condition.  When this paint

deteriorates, it distributes fine particles of lead which

contaminate household dust and exterior soil.  This dust and soil

can then be accidentally ingested by young children through their

normal hand-to-mouth and play activities.

As a result of these concerns with leaded paint in housing,

the federal government is investigating the feasibility of using

encapsulation as a means to help protect the environment from

deteriorating leaded paint.  However, because many of these

products are so new, there is currently little information that

can be used to reliably predict their effectiveness.  The goal of

this study is to collect information to help assess what

laboratory protocols are appropriate for testing product

performance.

The American Society for Testing and Materials (ASTM) Task

Group E06.23.30 on Encapsulation of Leaded Paint is developing a

set of performance specifications for encapsulants for leaded

paint.  These standards, which are being drafted for both liquid

coatings and reinforced liquid coatings, will list required

performance properties, identify ASTM methods to test the

products under standard laboratory conditions, and set minimum

performance criteria which products must meet to be classified as

approved encapsulants for leaded paint.  The performance

properties and test methods identified to date by the ASTM Task
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Group have wide use in testing paint products and specialty

coatings.  However, only limited testing with these protocols has

been performed on encapsulant products and few data from these

tests have been submitted to ASTM.  Therefore, serious questions

have been raised about the appropriateness of these performance

tests.  Without supporting test data, it will be impossible to

successfully ballot the ASTM standards and release these

protocols to the general public.  Because a critical need for

these standards exists in the lead abatement industry,

performance data must be collected in a timely fashion.

Recognizing this critical need for data, the U.S. Department

of Housing and Urban Development (HUD) and U.S. Environmental

Protection Agency (EPA) decided to begin evaluating currently

available tests for encapsulation products.  This report presents

results from a study to evaluate the ASTM test protocols by

collecting laboratory data on a selected set of encapsulation

products for some of the performance properties and test methods

selected by the ASTM Task Group.  For comparison purposes, the

study also included testing of a set of paint products.  A

representative set of encapsulants and paints was tested to

ensure that data on a broad range of coatings were collected. 

The actual products selected for the study will not be discussed

in this report since product selection does not imply product

endorsement.

Testing was conducted at two independent laboratories

selected through a competitive procurement process.  Testing at

two laboratories provided information on the variability of the

test results.  The resulting data will be used to help judge the

feasibility and appropriateness of the proposed ASTM methods and

to help set minimum performance criteria for encapsulation

products.

It is important to recognize two constraints on this study.

 First, the study was intended to evaluate potential encapsulant

testing protocols, rather than to evaluate the performance of

currently available encapsulants.  Test data currently exist only

for paints and coatings.  Therefore, this program provides new

data where the standard test protocols are applied to new



3

coatings and materials representing encapsulant products. 

Second, because this study performed testing on materials which

may never have been tested before, it was possible that some of

the standard ASTM protocols would not work as planned in some

situations.  For example, standard testing for viscoelastic

properties requires the laboratory to produce a free film of the

coating being tested.  This was extremely difficult with some of

the new encapsulant materials.  In cases where the tests could

not be completed as planned, the resulting study data consist of

detailed comments on the test results rather than numerical

measurements or objective qualitative rankings.  Because of these

study constraints, this project must be viewed as a pilot testing

program.

1.1  PEER REVIEW

The technical report on this study was reviewed

independently by members of a peer review panel.  With the

exception of the one comment discussed below, all of the comments

received were either informational and required no changes, or

were editorial in nature.

One comment was made concerning the reviewer's

interpretation that the data indicates that the samples were not

fully cured prior to being tested, thereby causing a question

regarding the validity of the entire test program.  The report

was clarified to point out that, with the exception of three

products which were tested too early by one laboratory for impact

resistance, all tests in the study were performed on all panels

after the manufacturers' recommended cure times.  It is also

important to note that the impact resistance results for the

three affected products were among the highest for any products

tested.  Based on these facts, the validity of the entire test

program was not jeopardized by premature testing of any samples.

EPA has established a public record for the peer review

under administrative record AR144.  The record is available in

the TSCA Nonconfidential Information Center, which is open from

noon to 4 PM Monday through Friday, except legal holidays.  The
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TSCA Nonconfidential Information Center is located in Room NE-

B607, Northeast Mall, 401 M Street SW, Washington, D.C.
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2.0  STUDY DESIGN

This testing program collected more than 1000 individual

test results from each of two testing laboratories.  Tests were

run on 18 coatings, including 12 liquid coatings and 6 reinforced

coatings.  The tests included a variety of standard ASTM

protocols run under ambient laboratory conditions, as well as on

samples which were subjected to water immersion and weathering

conditions.  This section describes the design of the encapsulant

pilot testing program, including the study objectives, ASTM

testing methods, and selection of products for testing.  The

design is more fully described in the Quality Assurance Project

Plan that was developed by EPA (1).

2.1  STUDY OBJECTIVES

The overall objective of this study was to evaluate the

appropriateness of some of the ASTM E06.23.30 test protocols for

assessing the performance characteristics of encapsulant products

for leaded paint.  It should be noted that these tests for

coatings do not directly evaluate the ability of encapsulants to

contain an existing leaded paint hazard.  For example, the tests

do not assess the potential leaching of lead from an underlying

paint through an encapsulant.  Instead, these tests evaluate

physical characteristics such as adhesion of the coatings which

are properties that an encapsulant must also have if it is to

successfully contain a leaded paint hazard.  Therefore, the term

"appropriate," as used in this study, refers to the ability of

existing test methods to reliably measure such physical

properties of encapsulants.

Specifically, this study was intended to satisfy the

following objectives:

• Collect laboratory data to help determine the
feasibility of some test protocols drafted by ASTM Task
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Group E06.23.30 on encapsulation of leaded paint using
both liquid coatings and reinforced liquid coatings.

• Compare the collected laboratory data with current ASTM
E06.23.30 minimum performance standards to help assess
which standards are appropriate.

• Assess the variability of these test methods, both
between two laboratories and within a single laboratory.

Note that these objectives reflect the pilot nature of this

testing program.  As noted earlier, there is little, if any,

documented experience with these ASTM methods for many of the

encapsulant products.  Therefore, while the need of EPA, HUD, and

ASTM is to select final test protocols and set minimum

performance standards for encapsulant products, this program will

not be able to make firm recommendations on these selections. 

Instead, this program has generated a wealth of new data to

perhaps rule out some protocols which are inappropriate for some

encapsulant products and rule in other protocols which do appear

appropriate.  In addition, comparison of these study data with

current ASTM E06.23.30 standards will help determine the levels

at which minimum performance standards should be set.

Because this is a pilot study, the data quality objective

(DQO) was stated in terms of data completeness and traceability,

rather than in terms of a formal hypothesis test or statistical

estimation objective.  Specifically, the DQO for this study was

as follows:

Obtain 95% data completeness for a battery of
ASTM test protocols run on multiple  encapsulant
products at two different testing laboratories.

Actual data completeness includes not only the quantitative

measurements and qualitative rankings expected from each test,
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but also detailed comments on why a particular test could not be

completed as planned in those cases where the test was found to

be inappropriate for a particular encapsulant.

2.2  SELECTION OF ASTM TEST METHODS

This study was primarily a data collection program to

generate new information on which test protocols may, or just as

importantly may not, be suitable for encapsulant testing.  The

products were selected to represent a broad range of coatings

including paints, liquid encapsulants, and reinforced liquid

encapsulants.  The tests evaluated were those for physical

properties, as opposed to chemical properties, and included dry

film thickness, scrub resistance, impact resistance, flexibility,

dry abrasion resistance, adhesion, viscoelasticity, water

immersion, weathering, blistering, pencil hardness, and chalking.

When this study was initiated in October, 1993 the ASTM Task

Group E06.23.30 had drafted an initial set of test protocols for

assessing the performance of encapsulant products.  While the

budget for this pilot testing program did not allow evaluation of

all the physical test protocols, the vast majority were included.

 Also, in the months since this study was initiated ASTM has

revised some of its performance tests and standards.  Therefore,

while most of the tests performed in this study were the same as

those currently stipulated by ASTM, all of the test protocols

used in this study were not identical to the ASTM protocols.

Specifically, the scope of this study included a set of 20 tests,

most of which were specified by ASTM E06.23.30, although some

were run here for longer times or in slightly different

conditions than those selected by the task group.  As shown in

Tables 1 and 2, 13 of these tests were run on products intended

for interior residential use, and all 20 tests were run on

products intended for exterior residential use.  While Tables 1
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and 2 contain short titles and ASTM designations for these tests,

Table 3 lists more detailed ASTM designations.

A brief description for each of the tests is listed below.

• Dry Film Thickness (D 1186) - The thickness of the dried
encapsulant on a ferrous panel was measured using an
instrument that is based on magnetic measuring
principles.
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Table 1.  Summary of Performance Tests on Encapsulants
for Interior Use

Performance
 Property

ASTM Test
Method

Liquid
Products

Reinforced
Products

Panels Per
Product

Dry Film
Thickness

D 1186
D 1005

Yes Yes All

Tape Adhesion D 3359 Yes No 1

Pull Adhesion D 4541 Yes Yes 3

Scrub Resistance D 2486 Yes Yes 3

Flexibility D 522 Yes Yes 3

Impact
Resistance

D 2794 Yes Yes 4

Dry Abrasion
Resistance

D 4060 Yes Yes 2

Viscoelastic
Properties

D 2370 Yes Yes 10

Water  Immersion D 1308 Yes Yes 4 liquid
3 reinforced

Post-Immersion
Tape Adhesion

D 3359 Yes No 1

Post-Immersion
Pull Adhesion

D 4541 Yes Yes 3

Post-Immersion
Blistering

D 714 Yes Yes All
3 or 4

Post-Immersion
Pencil Hardness

D 3363 Yes Yes All
3 or 4
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Table 2.  Summary of Performance Tests on Encapsulants
for Exterior Use

Performance
 Property

ASTM Test
Method

Liquid
Products

Reinforced
Products

Panels Per
Product

Dry Film
Thickness

D 1186
D 1005

Yes Yes All

Tape Adhesion D 3359 Yes No 1

Pull Adhesion D 4541 Yes Yes 3

Scrub Resistance D 2486 Yes Yes 3

Flexibility D 522 Yes Yes 3

Impact
Resistance

D 2794 Yes Yes 4

Dry Abrasion
Resistance

D 4060 Yes Yes 2

Viscoelastic
Properties

D 2370 Yes Yes 10

Water Immersion D 1308 Yes Yes 4 liquid
3 reinforced

Post-Immersion
Tape Adhesion

D 3359 Yes No 1

Post-Immersion
Pull Adhesion

D 4541 Yes Yes 3

Post-Immersion
Blistering

D 714 Yes Yes All
3 or 4

Post-Immersion
Pencil Hardness

D 3363 Yes Yes All
3 or 4

Weathering G 53 Yes Yes 10 liquid
9 reinforced

Post-Weathering
Tape Adhesion

D 3359 Yes No 1

Post-Weathering
Pull Adhesion

D 4541 Yes Yes 3

Post-Weathering
Scrub Resistance

D 2486 Yes Yes 3

Post-Weathering
Flexibility

D 522 Yes Yes 3

Post-Weathering
Blistering

D 714 Yes Yes All
9 or 10

Post-Weathering
Chalking

D 4214 Yes Yes All
9 or 10
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Table 3.  Referenced Documents (a)

ASTM Designation Title

D 16-91 Standard Terminology Relating to Paint, Varnish,
Lacquer, and Related Products

D 522-92 Standard Test Methods for Mandrel Bend Test of
Attached Organic Coatings

D 609-90 Standard Practice for Preparation of Cold-Rolled
Steel Panels for Testing Paint, Varnish, Conversion
Coatings, and Related Coating Products

D 714-87 Standard Test Method for Evaluating Degree of
Blistering of Paints

D 823-92a Standard Practices for Producing Films of Uniform
Thickness of Paint, Varnish, and Related Products on
Test Panels

D 1005-84 (Reapproved
1990)

Standard Test Method for Measurement of Dry-Film
Thickness of Organic Coatings Using Micrometers

D 1186-87 Standard Test Methods for Nondestructive Measurement
of Dry Film Thickness of Nonmagnetic Coatings
Applied to a Ferrous Base

D 1308-87 Standard Test Method for Effect of Household
Chemicals on Clear and Pigmented Organic Finishes

D 2370-92 Standard Test Method for Tensile Properties of
Organic Coatings

D 2486-89 Standard Test Method for Scrub Resistance of
Interior Latex Flat Wall Paints

D 2794-92 Standard Test Method for Resistance of Organic
Coatings to the Effects of Rapid Deformation
(Impact)

D 3359-92a Standard Test Methods for Measuring Adhesion by Tape
Test

D 3363-92a Standard Test Method for Film Hardness by Pencil
Test

D 4060-90 Standard Test Method for Abrasion Resistance of
Organic Coatings by the Taber Abraser

D 4214-89 Standard Test Methods for Evaluating the Degree of
Chalking of Exterior Paint Films

D 4541-85 (Reapproved
1989)

Standard Test Methods for Pull-Off Strength of
Coatings Using Portable Adhesion Testers

D 4708-92a Standard Practice for Preparation of Uniform Free
Films of Organic Coatings

G 53-91 Standard Practice for Operating Light- and Water-
Exposure Apparatus (Fluorescent UV-Condensation
Type) for Exposure of Nonmetallic Materials

(a) 1993 Annual Book of ASTM Standards, American Society for Testing and
Materials, Philadelphia, Pennsylvania.
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• Dry Film Thickness (D 1005) - The thickness of the dried
encapsulant on a panel, or as a free film, was measured
using a hand-held or stationary micrometer.

• Tape Adhesion (D 3359) - The adhesion of the encapsulant
to a substrate was evaluated by applying pressure-
sensitive tape over an X-cut in the film of a coated
panel and removing the tape.  The amount of film torn
from the panel was qualitatively assessed according to
the test protocol.

• Adhesion-Pull (D 4541) - The adhesion of the encapsulant
to a substrate was evaluated by securing a button (dolly)
to the surface of the coating and measuring the force
required by the testing apparatus to detach the button
from the panel.

• Scrub Resistance (D 2486) - The resistance of the
encapsulant to erosion caused by scrubbing was determined
by securing a coated black plastic panel over a shim in a
washability machine and scrubbing with a nylon bristle
brush and abrasive medium until failure occurred.

• Flexibility (D 522) - The resistance of the encapsulant
to cracking was determined by bending a coated metal
panel over a conical mandrel.  The distance from the end
of the longest crack to the small end of the mandrel was
used to compute elongation.

• Impact Resistance (D 2794) - The resistance of the
encapsulant to cracking caused by direct impact was
measured by repeatedly dropping a standard weight onto
the coated surface of a sample panel, increasing the
height the weight dropped, until failure occurred.

• Dry Abrasion Resistance (D 4060) - The abrasion
resistance of the encapsulant was measured by rotating a
coated metal panel under weighted abrasive wheels.  The
loss in weight after a specified number of abrasion
cycles or the cycles to failure was reported.

• Viscoelastic Properties (D 2370) - The elongation,
tensile strength, and stiffness of the encapsulant as a
free film were measured by means of a tensile testing
apparatus that elongated the film until it ruptured.

• Water Immersion (D 1308) - Coated panels were immersed in
water for 24 hours and then checked for degradation
effects such as blistering, loss of adhesion, and
softening.  ASTM tests for blistering, pencil hardness,
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and adhesion were conducted on the panels that were
immersed.

• Weathering (G 53) - Coated panels were alternately
exposed to ultraviolet light and then to condensation in
a repetitive cycle for a fixed period of time and then
checked for visible degradation effects.  ASTM tests for
blistering, chalking, adhesion, flexibility, and scrub
resistance were conducted on the panels that were
weathered.

• Blistering (D 714) - The degree of blistering that the
encapsulant developed after weathering or water immersion
was evaluated by qualitatively comparing the subjected
coated panels to photographic reference standards.

• Chalking (D 4214) - The degree of chalking that the
encapsulant developed after weathering was measured by
qualitatively comparing a piece of fabric that had been
rubbed with medium pressure against the coated panel to
photographic reference standards.

• Pencil Hardness (D 3363) - The film hardness of the
encapsulant was determined by pushing pencil leads with
various degrees of hardness against the coated panel and
determining the hardest pencil lead that would not gouge
the film.

In all cases, the study design included a basic set of eight

performance tests run on unexposed panels (i.e., not immersed in

water and not weathered) to evaluate dry film thickness, scrub

resistance, impact resistance, flexibility, dry abrasion,

adhesion, and viscoelastic properties.  Adhesion was evaluated

for all products with a pull-off strength test (ASTM D 4541); and

in addition, for liquid products (i.e., those without a fabric,

mat, or mesh reinforcement) adhesion was evaluated with a tape

test (ASTM D 3359).  The study design for all products also

included a basic set of five tests to evaluate blistering, pencil

hardness, and adhesion after 24 hours of immersion in distilled

water at 23 ° ± 2 ° C (73.4 ° ± 3.6 ° F).  Panels were tested 10-20

minutes and/or 2 hours after withdrawal from the water, depending
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on the test.  Once again, adhesion after water immersion was

evaluated for all products with the pull-off strength test, and

in addition for liquid products with the tape test.

The major difference between the tests for interior products

listed in Table 1 and the tests for exterior products listed in

Table 2 was that a set of seven tests after weathering was

included in Table 2 for exterior products.  This additional set

of tests evaluated blistering, chalking, adhesion, flexibility,

and scrub resistance after 1000 hours of alternating fluorescent

ultraviolet radiation in wavelengths between 315 nm and 400 nm

(UV-A) and condensation exposure.  In this case the weathering

cycle was used to simulate deterioration caused by sunlight and

water.  Sample panels (3 inches by 6 inches) were cycled in a 

test chamber (as specified by ASTM G 53) for 1000 hours.  ASTM G

53 describes the test apparatus in detail.  The two major U.S.

suppliers of these test chambers are Q-Panel Co., Cleveland, Ohio

and Atlas Electric Services Company, Chicago, Illinois.  The

weathering cycle consisted of UV-A exposure at 340 nm peak

emission for four hours at 60 °C, alternating with condensation

for four hours at 50 °C.  Panels were observed for visible changes

at 500 hours.

2.3  SELECTION OF ENCAPSULANT PRODUCTS

A representative set of 10 encapsulant products was chosen

for the test protocol evaluation.  To determine this set of

products, an assessment was made of the range of encapsulant

product types currently available, and then different products

representing various use categories and various chemical and

physical formulations were selected for testing.  In this way a

wide range of product types was presented to the ASTM protocols

to help determine where the test methods can provide reliable

performance data.
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The first step in selection of a representative group of

liquid and reinforced encapsulant products for the current study

was to identify products commercially available in the U.S

architectural paint market.  The products of interest in this

study were designed for encapsulating old leaded paint on

interior or exterior surfaces in residential units.  A list of

available encapsulant products for leaded paint was compiled from

materials provided by HUD and EPA, and from product listings and

advertisements in trade journals such as the  Journal of

Protective Coatings and Linings, Modern Paints and Coatings , and

the  Journal of Coating Technology .  Additional products were

identified by direct contact with vendors and representatives of

the Steel Structures Painting Council at the 1993 Federation of

Societies for Coatings Technologies Annual Meeting and Paint

Industries Show.  Current commercial status of products from all

these sources was verified by direct contact with the suppliers.

 As shown in Table 4, a group was assembled of 36 commercial

encapsulant products which were supplied by 23 companies for use

as architectural coatings.  This group includes most of the

products used for encapsulation of residential leaded paint which

were available in the U.S. in December, 1993 and is as complete a

listing as time and cost constraints of the current study

allowed.

The identified products were categorized as liquid or

reinforced coatings.  For this study reinforced products were

defined as those that incorporate a fabric, mat (woven or non-

woven), or mesh reinforcement with a polymeric or cementitious

coating.  According to the manufacturer, a number of the

identified products could be applied with or without the

reinforcement.  Therefore, when categorizing products in Table 4,

some products were essentially classified twice, once with a

reinforcing material, and once without.  The liquid and

reinforced groups were further characterized in Table 4 by
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primary use category because the ASTM protocols are different for

interior and exterior products.  Some products can be used both

for interior or exterior applications, as noted in the table.

Table 4 also shows the wide range of product types currently

available.  A variety of polymers and polymer combinations were

identified, and the reinforcing materials varied in chemical

composition and weave.  Acrylic polymers were the most common in

residential encapsulants.  However, epoxy, cementitious, hybrid

(combinations of polymers), and other (considered proprietary)

types of coatings were also found.  The physical properties of

the commercial encapsulant products varied between and within

generic types; for example, there were both flexible and rigid

products represented.

 

Table 4.  Summary of Encapsulant Products Identified

Generic Product Type

Use Category Acrylic Epoxy Hybrid* Cementitious Other** Total

Interior 2 1 -- 1 -- 4

Exterior 1 1 -- 1 1 4

Interior/
Exterior

8 -- 3 -- 1 12

Total 11 2 3 2 2 20

Interior 1 1 1 1 3 7

Exterior -- -- -- 1 -- 1

Interior/
Exterior

4 -- 1 2 1 8

Total 5 1 2 4 4 16

* Combination of polymers
**Proprietary polymer

Products were selected for testing in this study to

represent the variety of use categories and product types
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currently available.  The reinforced products were selected as

much as possible to include a variety of reinforcement types. 

However, the small number of reinforced products scheduled for

testing in this program placed limits on the selection process.

As shown in Table 5, 10 encapsulant products were selected,

including six liquid products and four reinforced products.  The

reinforcing materials included polyester woven, polyester non-

woven, fiberglass woven, and fiberglass non-woven mats.  The

structure and composition of the reinforcing mat could affect

performance.  However, it was not possible in this study to draw

conclusions about the effects of mat type on performance based on

this limited sample, because each of the reinforced product

systems differed from the others in both mat type and binder

type.  Within the liquid and reinforced categories, the selected

encapsulants were evenly split between interior and exterior

products, and all generic types were represented.  Products

designated "interior" for testing were randomly selected from a

group of products specified by the manufacturers as "interior use

only" or "interior/exterior use."  Products designated "exterior"

for testing were randomly selected from a group of products

specified by the manufacturers as "exterior use only" or

"interior/exterior use."  A number of products were represented

in both the interior and exterior selection pools.  Interior

products were selected first.  If an "interior/exterior use"

product was selected for testing as an "interior" product, it was

eliminated from the pool of products that could be selected as

"exterior."  That way, no product could be selected for testing

in this program by both interior and exterior protocols.

As shown in Table 5, paint products and replicate

encapsulant products were also included in the study design to

help assess the accuracy and precision of the ASTM test methods.

 Commercial paints were selected to represent high quality and

low quality interior and exterior paints available on the retail
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market.  One commercial paint manufacturer was drawn at random

from a group of five major paint manufacturers available

nationwide.  All paints were purchased through a retail outlet

for this one selected manufacturer.  In addition, within each

combination of general coating type (i.e., liquid versus
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Table 5.  Encapsulants and Paints Selected for Testing

Use Category
Number

 of Products Generic Product Type

Interior Encapsulants
3

1 acrylic
1 hybrid*
1 other**

Exterior Encapsulants 3
2 acrylics
1 hybrid*

Interior Paints 2 1 acrylic
1 vinyl

Exterior Paints 2 1 acrylic
1 vinyl

Replicate Encapsulants 2 1 interior type
1 exterior type

Total 12

Interior Encapsulants 2 1 epoxy (polyester
non-woven mat)
1 acrylic (polyester
woven mat)

Exterior Encapsulants 2 1 cementitious
(fiberglass woven mat)
1 other** (fiberglass
non-woven mat)

Replicate Encapsulants 2 1 interior type
1 exterior type

Total 6

* Combination of polymers
**Proprietary polymer

reinforced) and general use category (i.e., interior versus

exterior), one product was randomly selected for replicate

testing.  That is, two separate samples of each such replicate

product were sent to the laboratories as if they were entirely

different products.  In this way the reproducibility of results

within each laboratory could be assessed.

All product samples were purchased in regular commercial

containers as supplied by the manufacturers.  To prevent a

manufacturer from knowing that a purchase within the time frame
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of this study meant that its product was being tested, product

samples, technical literature, and Material Data Safety Sheets

(MSDSs) were acquired for more than the 10 products actually

selected for laboratory analysis.  In this way the products

actually tested are not distinguishable to outside observers from

products that were purchased but never tested.  The four

commercial paints were purchased directly from a local retail

outlet of a single major producer of architectural paints.  The

selection of high and low quality paints was made on the

manufacturer's own designation of product line and corresponded

directly to retail price.  Acrylic latex paints were selected as

high quality paints because they are the most common type of

high-quality architectural paint used on residential units in the

U.S. at this time.  The low-quality interior paints were vinyl

latex, representing the bottom of the manufacturer's line.  The

10 selected encapsulant products and four paints were cleared of

commercial identifying marks and labeled with three-character

Product ID Codes before shipment to the testing laboratories

along with the application instructions and product MSDSs.  As

shown in Table 6, these codes correspond to each of the 18

specific products selected for testing.

Replicate products were purchased in separate containers and

shipped with separate product ID codes to the testing

laboratories.  Product for replicates RN1 and RN2 arrived in a 5-

gallon container.  Empty regular 1-gallon containers were

requested from the manufacturer and the 5-gallon container was

mixed and poured into five 1-gallon containers before shipment to

the laboratories.

2.4  TEST PLAN

The test plan for this study is summarized in Table 7, which

lists the number of tests run at each of the two testing

laboratories.  The rationale for the design was as follows:



Table 6.  Product ID Codes for Encapsulants
and Paints Selected for Testing

Category Product ID Code Polymer and Reinforcement Type

Liquid Exterior LE1 Hybrid copolymer latex (acrylic
ester, vinyl, urethane)

LE2 (or HPE) Acrylic latex
(high-quality paint)

LE3 Acrylic latex
(replicate product)

LE4 Acrylic

LE5 Acrylic latex
(replicate product)

LE6 (or LPE) Vinyl latex
(low-quality paint)

Liquid Interior LN1 Other

LN2 (or HPI) Acrylic latex
(high-quality paint)

LN3 Waterborne acrylic with primer
(replicate product)

LN4 (or LPI) Vinyl latex
(low-quality paint)

LN5 Waterborne acrylic with primer
(replicate product)

LN6 Hybrid

Reinforced Exterior RE1 Cementitious
(fiberglass woven mat)

RE2 Acrylic and polyester composite
(fiberglass non-woven mat--
replicate product)

RE3 Acrylic and polyester composite
(fiberglass non-woven mat--
replicate product)

Reinforced Interior RN1 Acrylic (polyester woven mat--
replicate product)

RN2 Acrylic (polyester woven mat--
replicate product)

RN3 Epoxy (polyester non-woven mat)



Table 7. Summary of the Number of Performance Tests Run

Liquid Coatings Reinforced Coatings

Interior Exterior Interior Exterior

Number of Products 6 6 3 3

Number of Tests Per
Product:

Dry Film Thickness
All 26 panels All 26 panels All 25 panels All 25 panels

Adhesion-Tape 3 locations on 1
panel

3 locations on 1
panel

-- --

Adhesion-Pull 3 panels 3 panels 3 panels 3 panels

Scrub Resistance 3 panels 3 panels 3 panels 3 panels

Flexibility 3 panels 3 panels 3 panels 3 panels

Impact Resistance 4 panels 4 panels 4 panels 4 panels

Dry Abrasion 2 panels 2 panels 2 panels 2 panels

Viscoelastic Properties 10 films 10 films 10 films 10 films

Water Immersion Total 4 panels Total 4 panels Total 3 panels Total 3 panels

Post-Immersion Adhesion-
Tape

3 locations on 1
panel

3 locations on 1
panel

-- --

Post-Immersion Adhesion-
Pull

Other 3 panels Other 3 panels All 3 panels All 3 panels

Post-Immersion Blistering All 4 panels All 4 panels All 3 panels All 3 panels

Post-Immersion Pencil
Hardness

2 locations on all
4 panels

2 locations on all
4 panels

2 locations on all
3 panels

2 locations on all
3 panels

Weathering -- Total 10 panels -- Total 9 panels

Post-Weathering Adhesion-
Tape

-- 3 locations on 1
panel

-- --

Post-Weathering Adhesion-
Pull

-- 3 panels -- 3 panels



Table 7.  Continued

Liquid Coatings Reinforced Coatings

Interior Exterior Interior Exterior

Post-Weathering Scrub
Resistance

-- 3 panels -- 3 panels

Post-Weathering
Flexibility

-- 3 panels -- 3 panels

Post-Weathering
Blistering

-- All 10 panels -- All 9 panels

Post-Weathering Chalking -- All 10 panels -- All 9 panels

Total Number of Panels
per Product

30 40 28 37

Total Number of Tests per
Product

46 78 37 64

Total Number of Panels
(615)

180 240 84 111

Total Number of Tests
(1047)

276 468 111 192
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• To provide test results on a broad range of coatings, 14
products, as well as 4 replicate products, in four major
categories were tested; the breakdown of these products
by use category and generic type was presented previously
in Table 5.

• To assess the variability in test results between
laboratories, the entire testing design in Table 7 was
performed by two independent laboratories.

• To assess variability within a single product due to
batch-to-batch differences in laboratory performance and
product formulation, the entire set of tests was
replicated for one encapsulant product picked at random
from each of the four major categories.

• To assess variability within a single laboratory and test
protocol, at least two replicate tests were performed for
each product.  Generally, the number of tests per product
listed in Table 7 corresponds to the minimum number of
replicates recommended in the corresponding ASTM
protocol.

• Testing of paint products was performed to provide a
benchmark for comparison with encapsulant test results. 
Both high and low quality interior and exterior paints
were tested to provide a range of results for this
comparison.

All testing was performed by the Center for Applied

Engineering (CAE) in St. Petersburg, Florida and Professional

Service Industries (PSI) in Pittsburgh, Pennsylvania.  In the

past five years CAE conducted over a dozen coatings technology

projects involving the testing of coatings on substrates such as

aluminum coil stock, cement board, hand railings, and building

materials.  During that same time PSI conducted nine projects,

ranging in duration from one month to two years, that involved

testing of coated panels using many of the same ASTM protocols

included in this encapsulant testing program.  Staff at CAE and

PSI include polymer chemists and testing specialists with

experience ranging from one year to well over ten years in the

testing of various paints and other coatings.
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2.5  TEST PANEL SELECTION AND PREPARATION

This section discusses the metal and plastic panels used for

testing, as well as application of the coatings to the panels

prior to testing.  Of particular interest in this section are

discussions of problems encountered with the panels during

preparation and testing.

2.5.1  Panel Selection

Test panel selection was generally based on specification of

the individual ASTM E06.23.30 tests as of December, 1993 and the

test method performance data desired by EPA.  Table 8 lists the

type of panel selected for each test.  Several technical issues

concerning panel selection arose during the testing.  These are

discussed in detail test by test.  The main issues considered

during the initial panel type selection process were test

specifications, adhesion, rusting, and availability.  ASTM

E06.23.30 determined that metal panels generally provided the

most uniform and consistent substrate which was readily

available.

Adhesion of the products to the sample panel was important

to the results of all tests.  The encapsulant products are

generally not formulated for maximum adhesion to metal

substrates.  These products are primarily used for covering

previously painted surfaces in residential dwellings.  Lack of

adhesion of a coating to the metal surface of the sample panel

might, or might not, provide information about adhesion to

previously painted surfaces.  Flash rusting during panel

preparation, as well as rusting in the weathering cycle and the

water immersion test, were of concern in panel selection.  Many

of the commercial encapsulant products tested in this study were

waterborne coatings so flash rusting during panel preparation was

a possibility where metal panels were required.
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Panels readily available on the commercial market are

generally more cost effective and less variable than custom

panels.  The tin-plated panel favored for eliminating rust

concerns was commercially available at a reasonable cost per

panel in only one thickness, 0.01 inches.  However, this

thickness was inadequate to resist deformation during the pull

adhesion test (ASTM D 4541).  Also, some pin-point rust was seen

by CAE after at least one batch of tin-plated steel panels had

been coated with product.  The panels had passed a visual quality

check by the laboratory before use.

Commercial panels for dry abrasion testing (ASTM D 4060)

were steel, so flash rusting could occur with waterborne

coatings.  Zinc phosphate treatment or use of a panel primer

could control flash rusting and potentially improve adhesion on

the steel panels.  ASTM E06.23.30 currently allows use of a

specialty primer for the dry abrasion test.  A zinc-phosphate

treated steel panel was used for the flexibility test (ASTM D

522).  This panel did not flash rust or rust during weathering. 

Zinc-phosphate treated steel panels are available commercially in

a variety of thicknesses.

Adhesion to the metal panels selected for testing was not

good in some cases.  For example, products RE2 and RE3, which

were acrylic and polyester composites, did not adhere well to the

tin-plated steel panels.  In some cases, gentle handling of the

prepared panels was sufficient to pop RE2 and RE3 off the test

panel.  In addition, several products had such poor adhesion

during pull adhesion testing (ASTM D 4541) that the dollies

pulled the coating off the panels during normal handling.  Use of

specialty primers would be one approach to improving the adhesion

of encapsulant products to test panels.

2.5.2  Panel Preparation

In this study, panels were used "as received" from the

vendors.  No priming or polishing was done to improve adhesion
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unless the primer was always a recommended part of the

encapsulant system.  Products LN6 and RN3 are two-coat systems

that identify the first coat as a primer.  Each laboratory

prepared its own sample panels according to the specified

application method, film thickness, and dry/cure time for each

product which were based on manufacturer recommendations.  Panels

were prepared and dried under the same standard conditions in

both laboratories.  Minor variations in preparation technique

from one laboratory to the other is representative of real-world

conditions.  Each product was applied at the wet or dry film

thickness recommended by the manufacturer because this product

thickness should represent the best performance properties of the

product.  Current commercial encapsulants are recommended for

application at a wide range of dry film thicknesses from as thin

as 3 mils to as thick as 200 mils. 
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Table 8.  Panel Type Used in This Study With Each ASTM Test

Test Method Panel Type
Thickness/

inch

Scrub Resistance (D 2486) Black plastic N/A

Impact Resistance (D 2794) Zinc phosphate treated cold-
rolled steel

.032

Dry Abrasion Resistance (D 4060) S-16 specimen plates 4 in. sq.

Viscoelastic Properties (D 2370) Free films, silicone release
paper

N/A

Weathering (G 53) Tin-plated steel .01

Flexibility (D 522) Tin-plated steel .01

Post-Immersion Blistering
(D 714)

Tin-plated steel .01

Water Immersion (D 1308) Tin-plated steel .01

Post-Immersion Tape Adhesion
(D 3359)

Tin-plated steel .01

Post-Immersion Pencil Hardness (D
3363)

Tin-plated steel .01

Post-Weathering Chalking
(D 4214)

Tin-plated steel .01

Pull Adhesion (D 4541) Tin-plated steel .01

As shown in Table 9, a target dry film thickness was

recommended for each coat separately.  Commercial paints were

applied at a dry film thickness of 6±1 mils.  Product

instructions for reinforced products were not clear as to what

effect the thickness of the reinforcing materials would have on



Table 9.  Application Parameters for Panel Preparation

Product
Code

Number of
Coats (a)

Application
Method

Pot Life (b)

hrs, ambient

Coat #1 Coat #2

Dry Film
Thickness

Range,
mils

Dry/Cure
or Recoat

Time,
hrs

Dry Film
Thickness

Range,
mils

Dry/Cure
Time

LE1
HPE
LE3
LE4
LE5
LPE

1
1
1
1
1
1

Drawdown
Drawdown
Drawdown
Drawdown
Drawdown
Drawdown

N/A
N/A
N/A
N/A
N/A
N/A

6±1
6±1
6±1
7±1
6±1
6±1

24
24
24
24
24
24

N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A

LN1
HPI
LN3
LN4
LN5
LN6

1
1
2
1
2
2

Drawdown
Drawdown
Drawdown
Drawdown
Drawdown
Drawdown

N/A
N/A
N/A
N/A
N/A
N/A

6±1
6±1
6±1
6±1
6±1
6±1

24
24
24
24
24
4

N/A
N/A
6±1
N/A
6±1
6±1

N/A
N/A

14 days
N/A

14 days
14-30 days

RE1
RE2
RE3

2
2
2

Trowel
Drawdown
Drawdown

2 hrs
3 hrs
3 hrs

65±25
10±5
10±5

20-40 min
3 hrs
3 hrs

65±25
10±5
10±5

24 hrs
3 hrs
3 hrs

RN1
RN2
RN3

2
2
2

Drawdown
Drawdown
Drawdown

4 hrs
4 hrs
4 hrs

10±2
10±2
3±1 (c)

1
1

24

10±2
10±2

2.5±0.5

24 hrs
24 hrs
7 days

(a)  If product was applied in two coats, the thickness of the first coat was measured before
     application of the second coat.
(b)  Useful life of product after opening container.
(c)  Applied as two thin layers one hour apart.
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the final system thickness.  Table 10 shows the target range of

system thickness for each product based on the number of coats,

thickness of the coats, and presence of reinforcement.  Multi-

coat products and products including a reinforcing mat had a

larger expected range.  In some cases, the thickness of the mat

was directly additive to the thickness of the coatings.  In other

cases with porous mats, the presence of a reinforcing material

added some thickness to the product system but not a thickness

equal to the thickness of the reinforcing material.  Products

incorporating reinforcing materials were more difficult to

prepare in a uniform thickness across the panel.  Sample panels

for the trowel-applied product (RE1) were much thicker than any

of the other products and less uniform in thickness across the

panel than sample panels of products applied by drawdown. 

The dry/cure time for each product was based on the

manufacturer's recommendations (Table 9).  However, in three

cases impact tests at PSI were run before the full cure time

recommended:  LN3 panels were tested after 7 days rather than the

full 15 day period; LN5 panels were tested after 10 days rather

than the full 15 day period; LN6 panels were tested after 6 days

rather than the full 14-30 day range.  It should also be noted

that this discrepancy did not appear to significantly affect the

impact resistance testing results for these three products (see

Figure 14 of Section 4.8).

As shown in the last two columns of Table 10, some problems

were encountered with preparing systems to the specified

thickness.  The most significant problems are highlighted below:

• For product LE4 (acrylic liquid exterior encapsulant)
tested at CAE, 13 of 42 system thicknesses were out of
the range and all were too thin;

• For the trowel applied cementitious product RE1 tested at
CAE, 29 of 38 system thicknesses were out of the range
and all were too thick;



Table 10.  Product System Target Thickness

Product
Code

Number
of Coats

Application
Method

Thickness (mils) Target
Range

(mils)

No. of Results in Range

Mat Coat 1 Coat 2 CAE PSI

LE1
HPE
LE3
LE4
LE5
LPE

1
1
1
1
1
1

Draw-Down
Draw-Down
Draw-Down
Draw-Down
Draw-Down
Draw-Down

6±1
6±1
6±1
7±1
6±1
6±1

--
--
--
--
--
--

5-7
5-7
5-7
6-8
5-7
5-7

42/42
42/42
39/42
29/42
41/42
42/42

32/41
41/41
31/41
25/41
36/41
38/41

LN1
HPI
LN3
LPI
LN5
LN6

1
1
2
1
2
2

Draw-Down
Draw-Down
Draw-Down
Draw-Down
Draw-Down
Draw-Down

6±1
6±1
6±1
6±1
6±1
6±1

--
--

6±1
--

6±1
6±1

5-7
5-7

10-14
5-7

10-14
10-14

32/32
32/32
32/32
32/32
31/32
31/32

31/31
29/30
32/32
17/31
28/31
31/31

RE1
RE2
RE3

2
2
2

Trowel
Draw-Down
Draw-Down

15±1
6±1
6±1

65±25
10±5
10±5

65±25
10±5
10±5

80-196*
10-37*
10-37*

9/38
38/38
37/38

37/37
38/38
38/38

RN1
RN2
RN3

2
2
2

Draw-Down
Draw-Down
Draw-Down

5±1
5±1
6±1

10±2
10±2
3±1

10±2
10±2
3±1

16-30*
16-30*
5-15*

29/29
29/29
25/29

27/28
29/29
10/29

TOTAL 592/643 550/617

*The thickness of the reinforcing mat may, or may not, add directly to the final product system thickness so
 targets allow for a possible range.
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• For product LE4 (acrylic liquid exterior encapsulant)
tested at PSI, 16 of 41 system thicknesses were out of
the range, both on the thin and thick sides;

• For product LPI (vinyl latex, low quality interior paint)
tested at PSI, 14 of 31 system thicknesses were out of
the range and all were too thick;

• For product RN3 (epoxy reinforced interior encapsulant)
tested at PSI, 19 of 29 system thicknesses were out of
the range and all were too thick.

Although system thickness was not a performance property in and

of itself, differences in thickness can affect the results of

several ASTM tests discussed later.
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3.0  DATA ANALYSIS APPROACH

Because this was a pilot testing program, information was

collected at two different levels.  First, a qualitative

assessment was made of the feasibility of using the targeted ASTM

test protocols on this set of new encapsulant products.  And

second, quantitative statistical analyses were performed on the

testing results whenever possible, that is, whenever a sufficient

number of results could be collected.

3.1  QUALITATIVE ASSESSMENT OF TEST METHODS

Encapsulants for leaded paint represent a very broad range

of coatings.  Some encapsulants are much like paint and other

architectural coatings; however, other encapsulants, like

reinforced and cementitious products, are quite different from

these coatings.  Therefore, while the performance of ASTM test

protocols with standard coatings is relatively well documented,

the ability of these protocols to test other encapsulants is

still very much in question.

As a result, this study first evaluated the practical

viability of the ASTM protocols for testing encapsulants.  Each

test protocol was examined on two levels:  (1) could the test

method be successfully performed as proposed, and (2) did the

test results provide information that could be used to establish

a reliable level of performance for encapsulants?

     A number of technical challenges were encountered in

completing the standard ASTM test methods with the diverse

product group being tested.  Product physical and chemical

properties, panel thickness, panel selection, equipment

limitations, and proposed test parameters affected the

laboratory's ability to perform the test protocols.  Each test

method had to be considered not only individually but also in

combination with other protocols as proposed by the ASTM

E06.23.30 Task Group.  Combinations of tests sometimes resulted
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in practical problems.  For example, scrub resistance testing

could be run according to ASTM D 2486 on unexposed panels. 

However, the same test produced several technical challenges in

evaluating panels after the weathering cycle.  The commercial

black plastic test panels were too large to fit in the weathering

test chamber sample holders, and also deformed in the heat.  The

technical issues encountered with conducting each test method are

discussed in detail test by test in Chapter 4.

A second qualitative assessment concerned whether or not the

test results provided information useful in establishing

performance requirements or grouping encapsulant product systems.

 Did the proposed test provide repeatable data that could be used

to distinguish among different encapsulant and paint products? 

For example, the tape adhesion test (ASTM D 3359) had a limited

ability to differentiate among products.  Most liquid products

had similar ratings on the 0-5 test scale and the test was not

usable on the reinforced products.  Performance of the

encapsulant systems on each test is also discussed in detail test

by test in Chapter 4.

3.2  STATISTICAL ANALYSIS OF TEST RESULTS

As the initial step in the data analysis, descriptive

statistics were calculated for all of the test results.  The

summary statistics included the total number of tests performed;

the number of missing data; the minimum, maximum, and mean result

obtained; and the standard deviation of the measurements.  The

summary statistics were calculated across all appropriate

groupings of the data.  For each test these groupings included

(1) across replicate test panels, (2) across replicate

encapsulant products, and (3) across the two testing

laboratories.  In addition, the data were grouped across

different coatings within the liquid and reinforced categories.
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Detailed statistical analyses of the test results were also

performed related to each of the following objectives:

• Compare the test results with current ASTM E06.23.30
standards to help assess the appropriateness of those
standards.

• Assess differences in test results between the two
testing laboratories.

• Assess differences in the test results within a single
laboratory for replicate test panels and between
replicate encapsulants.

• Assess the ability of each test method to distinguish
among groupings of products.

In many cases the test results were evaluated with formal

statistical testing procedures.  However, in some cases, such as

when comparing the test results against the ASTM E06.23.30

standards and when assessing differences between the two

laboratories, the evaluation was based on simple comparisons,

rather than formal testing, of the statistical results.

For each of the quantitative test results (e.g., dry

abrasion, pull adhesion, flexibility), an analysis of variance

model was fitted to the data to estimate differences between the

different types of coatings, as well as to estimate variability

between replicate test panels.  The statistical model has the

following form:

Tij  = α + C i  + εij

for

i = 1,...,12 liquid coatings (or 6 reinforced coatings)
j = 1,...,J  replicate tests (from 2-5 replicates, see

                 Table 7)

where
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Tij  = test result measured for the i-th coating and the j-
th replicate test panel

α = overall average test result across all coatings and
panels

Ci = fixed effect for the i-th coating which is defined as
the difference between the average test result for
all coatings and the average test result for the i-th
coating

εij = random effect for variability among replicate test
panels; assumed to follow a normal distribution
with mean zero and standard deviation σε

In the analysis a separate model was fitted for the test

results from each of the two laboratories and for the liquid

versus reinforced coatings (i.e., four data groupings).  In the

model, α corresponds to the average result from all tests run

within each of the four data groupings.  The term C i  allows for a

different average test result for each product, and the term εij

accounts for variability among test results repeated for a single

product on more than one test panel.

The statistical models were fitted to the data for each type

of test using the SAS® general linear models procedure (PROC

GLM).  Results from the model fit include point estimates for the

fixed model parameter α, as well as for the replicate test panel

variance component σε.  In addition, a shotgun F-test was run to

determine if any of the product means was significantly different

from the others, and the following contrasts and comparisons were

computed:

• Contrast jointly comparing the average test results
between the replicate encapsulants

[LE3 -  LE5]  ,   [LN3 -  LN5]
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• Contrast comparing the average encapsulant test result
with the average paint result

• Multiple pairwise comparisons of all product means, to
determine if each test appears capable of distinguishing
among groups of products.

For each of these contrasts and comparisons tests of statistical

significance were also performed and reported, and results which

were significant at the 5% and 1% levels were highlighted.  Note

that for the first contrast listed, an analogous expression was

used for the replicate reinforced products.  Also, note that for

the second contrast listed above, the expression shown applies to

non-weathering tests run on all 12 liquid products.  An analogous

expression involving just the 6 liquid exterior products was used

for the weathering test results. 

Estimation of the replicate test panel variance component

and the contrast comparing average test results between replicate

encapsulant products was used to help meet the third quantitative

analysis objective of assessing test results within a single

laboratory.  Estimation of the contrast comparing the average

encapsulant test result with the average paint result, as well as

the multiple pairwise comparisons analysis and shotgun F-test,

were performed to help meet the fourth quantitative objective of

assessing whether each test method was able to distinguish among

groupings of products.

1
6

  LE1 +  
LE3

2
+  LE 4  +  

LE5
2

 +  LN1 +  
LN3

2
 +  

LN5
2

+  LN6  -
3
2

 [LE2  +  LE6  +  LN 2  +  LN 4] 




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Assessment of Performance Standards

Ultimately, performance standards will have to be

established for a selected set of tests which measure important

physical properties of encapsulants.  The performance standard

for a particular test will be a predetermined value which the

testing results for a given coating product must equal or exceed

so that the product may be classified as an approved encapsulant.

 For example, ASTM E06.23.30 has proposed a draft standard of

1200 cycles for the scrub resistance test when used to evaluate

liquid encapsulants.  This means that if a product is tested with

the scrubbing protocol and lasts 1200 cycles or more without

wearing through to the substrate, then it passes the scrub test,

which is one of several tests that a product must pass to become

an approved encapsulant.

ASTM Task Group E06.23.30 has been working for several

months to reach consensus on a set of minimum performance

standards for liquid encapsulants, and their findings are

currently moving through the ASTM approval process (2).  ASTM

E06.23.30 has also been working on a set of draft standards for

reinforced encapsulants, but these standards have not yet been

agreed upon by the Task Group (3) even in draft form.  The

results from this current EPA study provide a wealth of

information to help assess the appropriateness of the ASTM

standards.

This report helps assess the ASTM standards by summarizing

for each test the number of encapsulant and paint products which

passed the ASTM standard.  In addition, where appropriate,

interesting trends are noted about the kinds of products which

did not pass the standard.  This assessment is more qualitative

than statistical.  And, it is not intended to assess individual

products, but rather to help assess how the standards have been

set relative to the range of testing results that might be

expected from future testing at other laboratories.  Since this
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EPA study included only a limited number of encapsulant and paint

products, the test results can not provide an accurate evaluation

of the number and types of products which are likely to pass the

standard in the future.

Assessment of Laboratory Differences

One common source of variability that can affect the testing

results is related to differences introduced by the laboratory

conducting the tests.  Numerous factors can affect laboratory

performance including equipment, staff experience and training,

and internal quality assurance procedures.  Ideally, this source

of variability would be assessed by conducting identical tests on

the same products at several different laboratories.  However,

limited resources for this pilot study limited the number of

laboratories to two.  Therefore, the assessment of laboratory

differences was addressed by independently analyzing the data for

each laboratory, and then simply qualitatively comparing the

statistical findings.  If more laboratories had been included,

then an additional variance component could have been added to

the statistical model and estimated.

Assessment of Variability Within a Single Laboratory

Within a single laboratory, one common source of testing

variability is related to differences introduced through test

panel preparation and then measurement of the physical properties

associated with each panel.  In this study this source of

variability is called measurement variability.  A second common

source of testing variability is related to differences

introduced by the chemical formulation of the specific product

sample that is tested.  In this study this second source of

variability is called replicate product variability.

Measurement variability was generally estimated in this

study by testing two or more panels or free films that were all
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prepared using the same product sample.  This variability was

statistically quantified by the replicate test panel variance

component σε.  The one exception to this approach was tape

adhesion testing where the three replicate tests were performed

on a single test panel.  Replicate product variability was

estimated by testing two different sets of panels that were

prepared with two different samples of the same product.  This

second source of variability was statistically quantified by the

first contrast listed above.  Interpretation of the estimates of

measurement variability and replicate product variability

involved testing the statistical significance of the estimates to

determine whether these sources of variability were significantly

different from zero or not.

Assessment of Whether the Test Methods are Able to
Distinguish Among Groupings of Products

Clearly, the most important function of the encapsulant

testing protocols is to simply determine which products can pass

minimum performance standards.  However, from a statistical point

of view, tests which also have the ability to distinguish among

different groupings of products may provide a more sensitive

measure of performance.  Therefore, the shotgun F-test, the

second contrast listed above, and the multiple comparisons

analysis were performed to see which tests might be able to

distinguish groupings of products.

The shotgun F-test examined the null hypothesis that the

average test results for all of the products tested were equal,

versus the alternative hypothesis that the average test result

for at least one product was different.  When the null hypothesis

was accepted, this was an indication that the test could not

distinguish among the results for any of the products, and that

therefore no groupings among products could be found.  However,
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when the null hypothesis was rejected this indicated that some

groupings were possible, and the multiple comparisons analysis

was performed to find those groupings.

The purpose of estimating the second contrast was to help

see whether the liquid encapsulants, when taken as a group, could

be distinguished through the test results from the paints taken

as a group.  However, it should be noted that even if the average

encapsulant test result was different from the average paint

result, it could be that test results for some encapsulants were

still quite similar to test results for some paints.  That is, in

some cases two groups can not be unambiguously distinguished,

even if their average test results are different.  Interpretation

of the encapsulant versus paint contrast first involved judging

its statistical significance.  If the contrast was found to be

significant, this indicated that the average encapsulant test

result was significantly different from the average paint test

result.  If this was the case, the magnitude of the estimated

contrast could be examined to see how large the differences

between encapsulants and paints typically were.

Analysis of Semi-Quantitative and Qualitative Results

As a first approximation the following semi-quantitative or

qualitative test results were recoded to a numerical scale and

analyzed as if they were true quantitative results:

• Tape adhesion ratings 0A to 5A were recoded to numerical
scale 0-5 where the value 0 represents complete
separation of the coating from the panel, while the value
5 represents no loss of coating.

• Blistering ratings 0 to 10 representing the size of
blisters were assumed to represent numerical scale 0-10;
however, the value 10 represents no blisters, while the
value 0 represents very large blisters.  Also, the letter
designations indicating the number of blisters were not
considered in the statistical analysis.
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• Chalking ratings 0 to 10 were assumed to represent
numerical scale 0-10; however, the value 10 represents no
chalking, while the value 0 represents the greatest
degree of chalking.

• Pencil hardness ratings 6B to 6H were recoded to
numerical scale 0-13 where the values 6B and 0 represent
the softest coatings, while the values 6H and 13
represent the hardest coatings.

These first approximations implicitly assume a linear increase

between successive semi-quantitative or qualitative ratings.  For

example, the change in coating hardness from 6B to 5B is assumed

to be the same as the change in hardness between all other

successive ratings, such as 5H to 6H.  This assumption was made

for statistical purposes only.  These relationships have not been

quantified in the laboratory.  In addition, although non-

parametric statistical procedures might also have been used to

analysis these results, the data were judged quantitative enough

to be analyzed with parametric methods.
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4.0  STUDY RESULTS

This section presents the results of the encapsulant pilot

testing program.  In the first subsection data completeness is

addressed in terms of meeting the data quality objective listed

in Section 2.1.  Then, qualitative and quantitative assessments

are made of each ASTM test protocol in turn.

4.1  OVERALL DATA COMPLETENESS

The data quality objective for this program was to obtain

95% data completeness across the battery of ASTM tests listed in

Section 2.4.  In most cases, actual quantitative measurements

were reported by the laboratories.  However, realizing that this

was a pilot testing program subjecting encapsulation products to

ASTM protocols for perhaps the first time, there were several

cases in which quantitative measurements could not be obtained

because the ASTM test could not be conducted as designed.  In

those cases the laboratories reported information on the problems

encountered conducting the tests, and those instances were

recorded as cases where the laboratories were "unable to test"

the products.  These cases are considered as valid test results

in this study, and are distinguished from cases of "missing

results" where data may have been lost, miscalculated, etc.

Table 11 summarizes overall data completeness for this

study, as well as data completeness for each test separately. 

The number of results expected from each laboratory is first

listed, followed by a tabulation of the number of valid results

obtained and the number of results missing.  As noted above, the

number of valid results is differentiated into the number of

"measured data" versus the number of cases which the laboratory

was "unable to test."  In all cases the data completeness figures

are also broken down by laboratory.

The overall data completeness achieved in this study was

96.4%, and consisted of 3674 measured data (excluding 46 extra
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dry film thicknesses which were reported) and 133 cases which the

laboratories were unable to test.  This data completeness



Table 11.  Summary of Data Completeness

Test Type

Number of
Results

Expected
per Lab

Number of Valid Results Number of
Missing Results

Measured Data Unable to Test

CAE PSI CAE PSI CAE PSI

Dry Film Thickness 615 643 1 617 2 -- -- 2 14

Tape Adhesion
   Unexposed panels
   Immersed panels
   Weathered panels

36
36
18

36
36
18

34
36
9

--
--
--

2
--
9

--
--
--

--
--
--

Pull Adhesion
   Unexposed panels
   10 min. after immersion
   120 min. after immersion
   Weathered panels

54
36
18
27

54
33
16
25

51
--
--
26

--
3
2
2

3
36
18
1

--
--
--
--

--
--
--
--

Scrub Resistance
   Unexposed panels
   Weathered panels

54
27

53
22

54
10

1
5

--
17

--
--

--
--

Flexibility
   Unexposed panels
   Weathered panels

54
27

51
21

51
23

3
6

3
4

--
--

--
--

Impact Resistance
   Unexposed panels 18 18 18 -- -- -- --

Dry Abrasion Resistance
Unexposed panels
   Endpoint
   Loss at 1000 cycles
   Loss at endpoint
   Wear index

36
36
36
36

34
36
34
34

34
34
34
34

--
--
--
--

--
1

--
--

2
--
2
2

2
1
2
2

Viscoelastic Properties



Table 11.  Continued

Test Type

Number of
Results

Expected
per Lab

Number of Valid Results Number of
Missing Results

Measured Data Unable to Test

CAE PSI CAE PSI CAE PSI

Unexposed films
   Tensile strength
   Elongation
   Stiffness

90
90
90

90
90
85

89
89
84

--
--
4

--
--
5

--
--
1

1
1
1

Blistering
   Immersed panels
   Weathered panels

66
87

65
87

66
87

1
--

--
--

--
--

Chalking
   Weathered panels 87 86 87 1 -- --

Pencil Hardness
   Unexposed panels
   10 min. after immersion
   120 min. after immersion

144
96
60

142
96
56

36
96
60

2
--
4

--
--
--

--
--
--

108
--
--

Total 1974 1961 3 1759 3 34 99 9 132

1 18 extra panels (1 panel per product) were prepared to complete the unexposed pencil hardness test,
and 12 extra panels (1 panel per liquid product) were prepared to complete the immersed pencil
hardness test, yielding a total of 30 extra dry film thickness results.

2 16 extra panels (across 15 different products) were prepared and measured, but were not used for other
testing, yielding a total of 16 extra dry film thickness results.

3 Includes extra dry film thickness results.
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exceeded the 95% data quality objective.  Both laboratories were

able to supply approximately the same number of test results,

although PSI experienced a higher number of cases where they were

unable to test, as well as a higher number of missing results. 

The most significant testing problem experienced by PSI was

related to the pencil hardness test for unexposed panels where

they misunderstood the study design and neglected to test

unexposed panels for hardness.  Among the various tests, pull

adhesion resulted in the highest number of cases which were

unable to test, particularly when run in combination with water

immersion.  Scrub resistance run after weathering, as well as

flexibility, also resulted in several cases which were unable to

test.  Where appropriate, additional discussion of testing

difficulties for different products is provided in the following

sections on individual test results.

4.2  OVERALL SUMMARY STATISTICS

As discussed earlier, the initial step in the data analysis

was to calculate various summary statistics which are presented

in Table 12.  Note that these results do not necessarily

differentiate potentially important differences between

laboratories, between individual products, nor between replicate

products.  In this table the data are pooled and equally weighted

within only two broad categories, liquid versus reinforced

coatings.

The number of data (N) included in each set of calculations

corresponds to the number of valid measured data presented

earlier in Table 11, although in Table 12 these numbers are

broken down by liquid versus reinforced coatings, while in Table

11 the numbers are broken down by laboratory.  The minimum (Min)

and maximum (Max) observed results provide a measure of the range

in the data, while the mean provides a measure of the central

tendency.  The standard deviation (Std. Dev.) quantifies the
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spread in the data, and is also presented as a percentage of the

mean (in parentheses).  Note that for some tests (e.g., adhesion,



Table 12.  Summary Statistics for ASTM Test Results

Test Type
Liquid Coatings Reinforced Coatings

N Min Max Mean
Std. Dev.

(% of Mean) N Min Max  Mean
Std. Dev.

(% of Mean)

Dry Film Thickness (mils) 861 4.0 15.0 7.3 2.5(34%) 399 11.6 343.5 51.1 75.1(147%)

Tape Adhesion (0-5 rating)
   Unexposed panels
   Immersed panels
   Weathered panels

70
72
27

0
0
1

5
5
5

4
3
5

1.6(40%)
2.4(80%)
1.3(26%)

--
--
--

--
--
--

--
--
--

--
--
--

--
--
--

Pull Adhesion (psi)
   Unexposed panels
   10 min. after immersion
   120 min. after immersion
   Weathered panels

72
23
11
35

0
0
0
0

700
500
500
600

200
200
300
200

158(79%)
146(73%)
169(56%)
166(83%)

33
10
5

16

0
0

200
0

500
500
400
290

200
200
300

0

135(68%)
151(76%)
71(24%)
99(--)

Scrub Resistance (cycles)
   Unexposed panels
   Weathered panels

72
16

154
4031

5000
5000

3846
4914

1597(42%)
256(5%)

35
16

5000
5000

5000
5000

5000
5000

0(0%)
0(0%)

Flexibility
(crack length inches)
   Unexposed panels
   Weathered panels

72
36

0
0

0.43
1.94

0.24
0.16

0.08(33%)
0.48(300%)

30
8

0
3

6.0
6.0

1.8
4.5

2.4(133%)
0(0%)

Impact Resistance
(inch-lbs.)
   Unexposed panels 24 24 160 116 51(44%) 12 16 160 87 70(80%)

Dry Abrasion Resistance
Unexposed panels
   Endpoint (cycles)
   Loss at 1000 cycles (g)
   Loss at endpoint (g)
   Wear index (g/1000
    cycles)

48
47
48
48

600
0.07
0.22
0.04

5000
0.55
1.33
0.59

3238
0.21
0.59
0.22

1346(42%)
0.09(43%)
0.19(32%)
0.11(50%)

20
23
20
20

5000
0.01
0.06
0.01

5000
0.23
0.95
0.19

5000
0.14
0.52
0.10

0(0%)
0.06(43%)
0.22(42%)
0.04(40%)

Viscoelastic Properties
Free films
   Tensile strength (psi)
   Elongation (%)
   Stiffness (psi)

119
119
109

121
1

10

2131
1091
908

580
171
233

408(70%)
194(113%)
212(91%)

60
60
60

812
1

436

7378
30

7000

3366
10

2101

1547(46%)
8(80%)

1748(83%)

Blistering (0-10 rating)
   Immersed panels
   Weathered panels

96
120

0
2

10
10

6
10

3.5(58%)
1.8(18%)

35
54

10
10

10
10

10
10

0(0%)
0(0%)

Chalking (0-10 rating)
   Weathered panels 119 6 10 8 0.9(11%) 54 6 10 8 1.1(14%)

Pencil Hardness
(0-13 rating)
   Unexposed panels
   10 min. after immersion
   120 min. after immersion

120
144
94

2
0
0

7
9

13

6
0
2

1.0(17%)
1.3(--)

2.4(120%)

58
48
22

4
0
0

13
13
13

9
8
7

3.8(42%)
6.0(75%)
6.2(89%)
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scrub resistance, dry abrasion end point) better performance is

indicated by larger data values, while for other tests (e.g.,

flexibility, dry abrasion weight loss and wear index) better

performance is indicated by smaller data values.

In order to provide most of the statistical results at one

location for easy reference in this report, Table 13 is also

presented in this section.  This table lists most of the results

from fitting statistical models to the data (see Section 3.2 for

additional details on the statistical models).  Specifically, the

following estimates are shown in Table 13 for each laboratory

separately:

• the estimated mean ( α̂)

• the estimated measurement variability ( σ̂ε), also expressed
as a percentage of the mean

• the p-value for the shotgun F-test, which indicates
whether any of the product means was significantly
different from the others

• the estimated contrast (Encap. vs. Paint), which compares
the average encapsulant result with the average paint
result

• the estimated contrast (Ext. Reps), which compares the
average results for the two replicate exterior
encapsulant products

• the estimated contrast (Int. Reps), which compares the
average results for the two replicate interior
encapsulant products.

In this table significant results (5% significance level) are

indicated by one star () and highly significant results (1%

significance level) by two stars ().  It should also be noted

that the test of equality for the replicate products is a joint

test which considers together the differences between both the

exterior and interior replicates.  Therefore, this test will
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prove significant if either both sets of replicates are

different, or if one of the two sets of replicates is highly

different.



Table 13.  Statistical Modeling Results

Test
Type

Liquid Coatings Reinforced Coatings

Lab Mean
Measurement
Variability
(% of Mean) 1

F-test
Product
Means2

Encap.
vs.

Paint 3

Ext.
Reps4

Int.
Reps5 Mean

Measurement
Variability
(% of Mean) 1

F-Test
Product
Means2

Ext.
Reps4

Int.
Reps5

Dry Film Thickness (mils) CAE
PSI

7.0
7.7

0.6(8%)
1.0(13%)

.0001**

.0001**
2.2**
2.2**

0.7**
0.2**

0.5**
0.8**

64.3
37.9

25.2 (39%)
7.5 (20%)

.0001**

.0001**
0.5
0.6

0.4
0.9

Tape Adhesion
(0-5 rating)
  Unexposed panels

  Immersed panels

  Weathered Panels

CAE
PSI
CAE
PSI
CAE
PSI

5
4
4
2
5
4

0(0%)
0.2(5%)

0(0%)
0(0%)
0(0%)
0(0%)

--
.0001**

--
--
--
--

1
2**

3
1
0
2

0
5**

0
0
0

--

0
0**

0
0

--
--

--
--
--
--
--
--

--
--
--
--
--
--

--
--
--
--
--
--

--
--
--
--
--
--

--
--
--
--
--
--

Pull Adhesion (psi)
  Unexposed panels

  10 min. after immersion

 120 min. after immersion

  Weathered panels

CAE
PSI
CAE
PSI
CAE
PSI
CAE
PSI

300
140
200
--
300
--
300
170

141(47%)
45(32%)

111(56%)
--
--
--

137(46%)
52(31%)

.0115*
.0001**

.0761
--
--
--

.0162*
.0004**

200**
150**
200**

--
300
--

200**
160**

100
90
100
--
300
--
100
50

0
0
0

--
100
--
--
--

200
170
200
--

300
--
0
90

127(64%)
81(48%)
94(47%)

--
--
--

0(0%)
41(46%)

.0796

.1645

.1074
--
--
--
--

.0006**

100
80
100
--
100
--
0
0

0
70

100
--
0
--
--
--

Scrub Resistance (cycles)
  Unexposed panels

  Weathered panels

CAE
PSI
CAE
PSI

3459
4232
4894
5000

259(7%)
414(10%)
109(2%)

0(0%)

.0001**

.0001**

.0013**
--

2971**
2161**
417**

--

343
0
0
0

0
400
--
--

5000
5000
5000
5000

0(0%)
0(0%)
0(0%)
0(0%)

--
--
--
--

0
0
0
0

0
0
--
--

Flexibility
(crack length inches)
  Unexposed panels

  Weathered panels

CAE
PSI
CAE
PSI

0.02
0.03
0.28
0.05

0.02(100%)
0.02(67%)
0.10(36%)

0.16(320%)

.0001**

.0001**

.0001**
.2386

-0.06**
-0.08**
-0.83**

-0.15

0
0
0
0

0
0

--
--

1.2
2.4
3.0
6.0

0(0%)
0(0%)
0(0%)
0(0%)

--
--
--
--

0
0
0
0

0
0
--
--

Impact Resistance
(inch-lbs.)
  Unexposed panels CAE

PSI
128
104

--
--

--
--

80
68

0
28

0
20

105
68

--
--

--
--

4
0

0
0

Dry Abrasion Resistance
 Unexposed panels
   Endpoint (cycles)

  Loss at 1000 cycles (g)

  Loss at Endpoint (g)

  Wear Index (g/1000
   cycles)

CAE
PSI
CAE
PSI
CAE
PSI
CAE
PSI

3246
3230
0.21
0.20
0.61
0.57
0.21
0.22

380(12%)
469(15%)
0.02(10%)
0.03(15%)
0.06(10%)
0.22(39%)
0.02(10%)
0.05(23%)

.0001**

.0001**

.0001**

.0001**

.0001**
.5112

.0001**

.0001**

838**
1456**
-0.04**
-0.05**

0.01
-0.04

-0.04**
-0.07**

648
1350*

0
0.07
0.01
0.12
0.03
0.07

599
0*

0.02
0.05
0.12
0.43
0.05
0.09

5000
5000
0.14
0.14
0.49
0.54
0.10
0.11

0(0%)
0(0%)

0.03(21%)
0.02(14%)
0.11(22%)
0.10(19%)
0.02(20%)
0.02(18%)

--
--

.4147
.0018**

.9528
.0033**

.9528
.0033**

0
0

0.03
0.00
0.05
0.18
0.01
0.04

0
0

0.02
0.06
0.03

0.32*
0.01

0.06*

Viscoelastic Properties
 Free Films
  Tensile Strength (psi)

  Elongation (%)

  Stiffness (psi)

CAE
PSI
CAE
PSI
CAE
PSI

685
472
163
179
263
202

33(5%)
71(15%)
44(27%)

152(85%)
45(17%)
46(23%)

.0001**

.0001**

.0001**

.0001**

.0001**

.0001**

-398**
14

186**
207**

-230**
-154**

53**
30*

59**
244**

2**
--

150**
126*
187**
226**
103**

68*

3996
2737

9
12

3115
1087

1107(28%)
301(11%)

6(67%)
4(33%)

1388(45%)
247(23%)

.0001**

.0001**

.0079**

.0001**

.0004**

.0001**

103
82
1

2**
411
325

125
446

1
9**
186
131



Table 13.  Continued

Test
Type

Liquid Coatings Reinforced Coatings

Lab Mean
Measurement
Variability
(% of Mean) 1

F-test
Product
Means2

Encap.
vs.

Paint 3

Ext.
Reps4

Int.
Reps5 Mean

Measurement
Variability
(% of Mean) 1

F-Test
Product
Means2

Ext.
Reps4

Int.
Reps5

Blistering (0-10 rating)
  Immersed panels

  Weathered panels

CAE
PSI
CAE
PSI

7
5

10
9

1.0(14%)
3.3(66%)

0(0%)
1.3(14%)

.0001**
.1406

--
.0001**

1*
-1
0

3**

0
1
0
0

1
2

--
--

10
10
10
10

0(0%)
0(0%)
0(0%)
0(0%)

--
--
--
--

0
0
0
0

0
0
--
--

Chalking (0-10 rating)
  Weathered panels CAE

PSI
8
8

0.6(8%)
0.1(1%)

.0001**

.0001**
1**
0**

0
0

--
--

8
8

0.5(6%)
0.4(5%)

.0001**

.0007**
0
0

--
--

Pencil Hardness
 (0-13 rating)
  Unexposed panels

  10 min. after immersion

 120 min. after immersion

CAE
PSI
CAE
PSI
CAE
PSI

6
4
0
1
2
1

0.4(7%)
0.2(5%)

0(0%)
1.3(130%)
1.4(70%)
2.2(220%)

.0001**

.0001**
--

.0001**

.0011**

.0008**

0
1**

0
0

-1
-1

1**
2**

0
1

3*
0

0**
0**

0
0

1*
1

9
10
7
8
6
7

0.3(3%)
0.6(6%)
0.2(3%)

1.6(20%)
0(0%)
0(0%)

.0001**

.0001**

.0001**

.0001**
--
--

0**
0
0
0

--
0

1**
0
0
0
0
1

* Significant at the 5% level.
** Significant at the 1% level.

1 The estimated measurement variability
( $ ),εσ

also expressed as a percentage of the mean.
2 The shotgun F-test statistic which tests the equality of all product means.

3 The contrast which compares the average encapsulant result with the average paint result.
4 The contrast which compares the average results for the two exterior encapsulant products.
5 The contrast which compares the average results for the two interior encapsulant products.
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The results presented in Tables 11, 12, and 13 are discussed

test by test in the sections that follow.  Also, the results from

the multiple comparisons analysis are presented in separate

tables in the following sections.

4.3  DRY FILM THICKNESS

Although dry film thickness is not a physical property that

is used to distinguish encapsulant product performance, the

thickness of each coating or encapsulant system is an important

factor that may potentially affect the results of other

performance tests.  Therefore, the dry film, or system, thickness

data are summarized in this section.

Two test methods (ASTM D 1005 and D 1186) were selected for

measuring dry film thickness because samples to be measured

included films on metal panels, films on plastic panels, and free

films.  It was also necessary to use more than one type of

micrometer to accommodate the thickness range of 4 mils to 344

mils in the test panels for this study.  Micrometers must be

properly calibrated and used to measure film thicknesses

appropriate to instrument capabilities.  In this study the type

of micrometer did not affect the thickness determinations because

the micrometers were selected to provide the desired sensitivity

(number of significant figures) and the micrometers were properly

calibrated. 

The products in this study were applied to the sample panels

at thicknesses recommended by the product manufacturer.  Figure 1

provides an overview of final system thickness for all sample

panels in the form of a box and whisker plot for each product and

each laboratory.  The upper and lower edges of each box represent

the 75th and 25th percentiles, respectively, of the frequency

distribution of the dry film thicknesses for that product.  The

ends of the line segments extending out of the top and bottom of

each box represent the 95th and 5th percentiles, respectively;
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and the line segment through the middle of each box represents

the median.  Extreme measurements above the 95th percentile or
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below the 5th percentile are plotted as individual points. 

Furthermore, for each product there are two box and whisker plots

shown, corresponding to the measurements for each of the two

testing laboratories.  The CAE results are shown as the left-hand

member of each pair, while the PSI results are the right-hand

member.

It is also important to understand the product codes which

are utilized in this figure, as well as most other figures in

this report.  The product types were described earlier in Table

6.  The high-quality and low-quality exterior and interior paints

are denoted as products HPE, LPE, HPI, and LPI respectively. 

Liquid exterior encapsulants have codes beginning with LE, liquid

interior encapsulants have codes beginning with LN, reinforced

exterior encapsulants have codes beginning with RE, and

reinforced interior encapsulants have codes beginning with RN. 

Within each of these four product categories, the two replicate

encapsulants are denoted by a star () at the end of their codes.

As shown earlier in Table 11 data completeness was good for

the dry film thickness information.  The following were the only

missing data:

• CAE did not report thickness data for two panels, one for
product LN6 and the other for product RE3.  In the latter
case the coating did not adhere to the panel sufficiently
to be tested.

• PSI did not report thickness data for 14 films used for
viscoelastic properties testing.  Of these, six LE3 and
five LE5 films were not obtained intact, and one film
each for LE6, LN2, and LN4 broke prior to testing.

As discussed in Section 2.5.2, the 18 products tested in

this program ranged widely from thicknesses of a few mils which

are typical of paints, to thicknesses one or two orders of

magnitude higher which are typical of cement or mortar.  Also, in

some encapsulant systems, the final dry film thickness included
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one or two coats, as well as the reinforcing material, if

present.

Although thickness is not a property that will be used to

judge product performance, the statistical modeling results in

Table 13 do indicate several points related to the system

thicknesses which confirm the target ranges and which should be

considered when interpreting the test results in later sections.

 These results can be summarized as follows:

• The target thicknesses varied significantly for the
products tested.  For example, on average the liquid
encapsulants were 2.2 mils thicker than the paints, due
to the fact that three encapsulants (LN3, LN5, and LN6)
were two-coat systems.  These thickness differences may
affect other test results discussed in later sections.

• The measurement variability among replicate test panels
for the liquid coatings was reasonably small,
representing from 8% to 13% of the mean.  Most of this
variability was probably associated with preparation
differences from panel to panel for the same product. 
These differences were on the order of 0.7 mils, and were
the same order of magnitude seen between replicate liquid
products (about 0.6 mils).  It should be noted, however,
that these differences are averaged across both one-coat
systems (LE3 and LE5) and two-coat systems (LN3 and LN5).

• Measurement variability for the reinforced coatings was
larger than that for the liquid coatings, representing
from 20% to 39% of the mean.  Again, this variability of
8 to 25 mils was probably more associated with panel
preparation differences rather than measurement errors.

• Differences between the replicate reinforced products
(i.e., two different samples of the same encapsulant
product) were on the order of 0.6 mils, and were
approximately the same as differences found between
replicate liquid products.

Additional analysis of the system thickness data was

performed with multiple pairwise comparisons of the product means

(Table 14).  In this analysis the product means were ordered from
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highest to lowest and then successive pairs of means were

examined for significant differences.  These results for dry



Table 14.  Results of Multiple Pairwise Comparisons for Dry Film Thickness and Tape Adhesion Testing

Test Type Liquid Products Reinforced Products

Dry Film Thickness--

All Panels--CAE

   Product LN5* LN6 LN3* LE3* LE5* LE1 LN1 LE4 HPI LPI LPE HPE RE1 RE2* RE3* RN2* RN1* RN3

   Mean (mils) 11.5 11.5 11.1 6.7 6.0 5.9 5.9 5.7 5.6 5.6 5.6 5.5 256.1 21.9 21.5 19.0 18.6 14.0

   Group A A A A

   Group B B B B B B B

   Group C C

   Group D D D D D D D D D

Dry Film Thickness--

All Panels--PSI

   Product LN5* LN6 LN3* LPI LE1 LE4 HPI LN1 LE3* LE5* HPE LPE RE1 RN1* RE2* RN2* RE3* RN3

   Mean (mils) 12.5 12.1 11.6 7.3 7.1 6.9 6.6 6.5 6.1 5.9 5.8 5.3 121.3 20.2 19.4 19.3 18.8 16.4

   Group A A A A

   Group B B B B B B B B

   Group C C C C C

   Group D D D D D

   Group E E E E E

   Group F F F F F F

   Group G G G G

Tape Adhesion--

Unexposed Panels--CAE No analysis - no variation among replicate tests Test not run

Tape Adhesion--

Unexposed Panels--PSI

   Product LE1 LE4 LE3* LN6 LN3* LN5* HPI LN1 HPE LPE LE5* LPI Test not run

   Mean (0-5 rating) 5 5 5 5 5 5 5 5 4 0 0 0

   Group A A A A A A A A A

   Group B B B B

   Group C C C C

Tape Adhesion--

Immersed Panels--CAE No analysis - no variation among replicate tests Test not run

Tape Adhesion--

Immersed Panels--PSI No analysis - no variation among replicate tests Test not run

Tape Adhesion--

Weathered Panels--CAE No analysis - no variation among replicate tests Test not run

Tape Adhesion--

Weathered Panels--PSI No analysis - no variation among replicate tests Test not run
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film thickness themselves are not directly relevant to

performance testing, but they do help confirm which products can

be placed together into similar groups based on their target film

thickness:

• The one-coat liquid products (Group D) had mean system
thicknesses in the range from 5.5 to 6.0 mils; while the
two-coat products (LN5, LN6, and LN3) were twice as
thick, being in the range from 11.1 to 11.5 mils.

• The reinforced products (Group B) had mean thicknesses
which fell in a broad but similar range from 14.0 to 21.9
mils, with the notable exception of product RE1 (the
trowel-applied cementitious product) which had a mean
thickness of 256.1 mils.

4.4  TAPE ADHESION

Adhesion is considered a critical property for encapsulants

for leaded paint and was therefore evaluated by two different

ASTM protocols, the first being the tape adhesion test (ASTM D

3359).  Adhesion was determined for twelve exterior and interior

liquid products on unexposed panels, water immersed panels, and

weathered panels.  Reinforced products were not tested using this

method.  Test Method A (X-cut) was selected over Method B

(lattice-cut) which is not easily adaptable to thick, hard test

substances.  The specified X-cut was made through the product

system to the panel surface.  Permacel 99 tape was then applied

over the X-cut and removed.  Adhesion was assessed qualitatively

based on how much test material was removed with the tape.  The

rating scale is 0 (removal of test material beyond the X-cut) to

5 (no peeling or removal).

The tape adhesion test has known limitations, as do many of

the traditional adhesion tests for coatings.  This adhesion test

applies peel stress to the coating so results may not be

comparable to adhesion tests that apply tensile or perpendicular
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forces.  In assessing coatings, both of these forces can be

factors in adhesion failure.

According to ASTM, this test is used to verify "adequate

adhesion of a coating to a metal substrate."  The limited

sensitivity of this test to small differences in adhesion is

reflected in the 0 to 5 rating scale specified by the test

method.  This test is affected by the type and quality of the

tape (varies from one lot to another), the pressure used to apply

the tape, and the surface characteristics of the coating.  Also,

operator bias is hard to avoid in test area selection.  One

operator may test the panel on areas appearing to be adhered. 

Another might select areas of visibly poor adhesion such as

blisters.  Ratings from these areas could be quite different even

on the same test panel. The test is not usable on reinforced

products because it is difficult to score very hard or multi-

layer products without producing film damage that can reduce

adhesion.  For a more complete discussion of the limitations of

this adhesion test the reader is referred to the 1994 Annual Book

of Standards Volume 6.01 page 435-437.

Unexposed Panels

The tape adhesion results for unexposed panels are shown in

Figure 2 for all twelve liquid products tested at both

laboratories.  The individual test results are shown in the

figure along with the mean adhesion by product and laboratory. 

Also shown in the figure is the ASTM E06.23.30 draft performance

standard of 5A for liquid coatings, that is, no loss of adhesion.

 There were two cases where PSI was unable to complete the

adhesion test (Table 11).  For the low quality interior paint

(LPI) the initial adhesion test removed so much product from the

panel that the second and third replicate tests could not be run.

 Compared to most other products tested, the low-quality exterior
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paint (LPE) showed poorer adhesion on the tape adhesion tests at

both CAE and PSI.
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In most cases the adhesion was rated as either 4A or 5A,

indicating good adhesion.  However, two notable exceptions were

found.  First, both the exterior and interior low-quality paints

showed significant lack of adhesion in some cases, although for

the interior paint (LPI) this lack of adhesion was observed at

only one laboratory (PSI).  And second, one of the acrylic latex

exterior encapsulants (LE5) showed a lack of adhesion, although

again this result was only observed at one laboratory (PSI), and

it was not reproduced for the matching replicate product (LE3). 

These two cases illustrate the limitations noted above regarding

the sensitivity and reproducibility of this test.  That is, this

test can be affected by tape and adhesive quality, and by

operator technique.  Operator techniques include how fast the cut

is made, how firmly and evenly tape is applied, and how fast and

at what angle tape is removed.  A detailed discussion can be

found in the previously cited Vol. 6.01, p. 436 of the 1994

Annual Book of ASTM Standards.

Additional findings that are indicated from the statistical

analyses presented in Tables 13 and 14 are as follows:

• Of the 12 products tested at CAE, all replicate tests for
11 products achieved the draft ASTM E06.23.30 standard of
5A, with the only exception being the low-quality
exterior paint (LPE).  In testing at PSI, 5A results were
consistently achieved by only 6 of the 12 products, and
the paints accounted for 4 of the 6 products that did not
achieve uniform 5A results.

• There was no measurement variability (i.e., variability
among replicate tests) at one laboratory (CAE), and low
measurement variability (5% of the mean) at the other
laboratory (PSI).  This lack of variability is probably
tied to the fact that replicate tests were all performed
on the same panel.  Also, the lack of variability of CAE
test results precluded further assessment of statistical
significance in those data.

• Significant differences were found in the adhesion test
results for replicate encapsulants at PSI, with this
finding being driven by the dramatically different
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results for exterior products LE3 (all tests rated 5A)
and LE5 (all tests rated 0A).

• The average adhesion rating at PSI for encapsulants was 2
units higher than the average for paints, and for all
four paints at least one test result showed some lack of
adhesion (i.e., a rating less than 5A), although for
products HPE and HPI these results were simply a 4A
(Figure 2).

• The multiple comparison analysis on PSI indicated that
the tape adhesion test could distinguish the products
into three groups with one distinct set (Group C),
consisting of the low-quality paints and encapsulant LE5,
showing relatively poor adhesion.

• Because of the lack of measurement variability for CAE
results, the multiple pairwise comparisons analysis could
not be performed.

Immersed Panels

The tape adhesion results for panels that had been immersed

for 24 hours in distilled water are presented in Figure 3.  All

tests were run approximately 10-20 minutes after removing the

panels from the water, and all data were successfully reported

(Table 11).  The plan was to test tape-adhesion, blistering, and

pencil hardness after water immersion all on the same panel. 

However, while PSI successfully followed this plan, CAE used

separate panels to perform the tape-adhesion test than they used

for the blistering and pencil hardness tests.  This change may

have introduced additional laboratory variability to the tape-

adhesion results.

In this case testing at CAE showed little loss of adhesion,

except for the low-quality paints (LPE and LPI).  Interestingly,

testing at PSI showed very different results, with significant

loss of adhesion for both the low-quality paints and several of

the encapsulant products.  At PSI only the two high-quality

paints and the interior waterborne acrylic encapsulant with

primer (replicate products LN3 and LN5) demonstrated adequate





70

adhesion after immersion.  This difference in results may in part

be due to the different protocols used at CAE and PSI, and it may

be due to the fact that this test can be highly variable.

Additional statistical results shown in Tables 13 and 14 are as

follows:

• Of the 12 products tested at CAE, 10 products achieved
the draft ASTM E06.23.30 standard of 5A for all replicate
tests, with the exception of both low-quality paints.  In
contrast, testing at PSI indicated only 2 products (the
liquid interior waterborne acrylic encapsulants with
primer, LN3 and LN5) which achieved uniform 5A results.

• As shown in Table 13, the average adhesion rating for all
liquid products measured at CAE (4) was higher than that
measured at PSI (2).

• There was no measurement variability observed among
replicate tests at either laboratory, precluding further
assessment of statistical significance.

• No differences were observed between adhesion ratings for
the exterior and interior replicate encapsulants.

• The average adhesion rating for encapsulants was higher
than for paints; at CAE the difference was 3 and at PSI
the difference was 1.

• Comparing these results for immersed panels with the
previous results for unexposed panels, testing at CAE
showed a loss in adhesion for only the interior paints
(HPI and LPI); while testing at PSI showed a loss in
adhesion for several products (LE1, LE3, LE4, LN1, HPI,
and LN6).

Weathered Panels

Tape adhesion results for weathered panels are presented in

Figure 4.  Note that the weathering protocol was performed only

on exterior products.  All required data were obtained from CAE;

however, PSI experienced three cases (products LE3, LE4, and LE5)

where the coatings were destroyed during removal from the
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weathering chamber because they stuck to the panel holders.  In

these cases all three replicate tests could not be performed.

Figure 4 shows that adhesion was good in all but one case

where data were available, the low-quality exterior paint (LPE)

tested by PSI.  Statistical results shown in Tables 13 and 14

include the following:

• Of the 6 products tested at CAE and the 3 products tested
at PSI, all tests achieved the draft ASTM E06.23.30
standard of 5A with the exception of the low-quality
exterior paint (LPE) tested at PSI.

• There was no measurement variability observed among
replicate tests at either laboratory, precluding further
evaluation of statistical significance.

• No difference was observed between the adhesion ratings
for the exterior replicate encapsulants.

• At PSI the average adhesion rating for encapsulants was 2
 units higher than that for paints.

• Comparing these results for weathered panels with the
results for unexposed panels, testing at CAE showed
improved adhesion for the low-quality paint (LPE); and
testing at PSI showed improved adhesion for both exterior
paints (HPE and LPE).

Summary of Tape Adhesion Results

For unexposed panels the variability between replicate

products and between the two laboratories was large.  For water

immersed and weathered panels the between-laboratory variability

was large.  There is some indication that the tape adhesion test

may be able to distinguish between some encapsulants and paints.

 In several cases when lower adhesion was observed, it was

observed for some of the paints.  Unfortunately, the results were

also often more variable than desired in a reliable test.  For

example, the results for immersed panels were dramatically

different between the two laboratories, and for unexposed panels
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the results within a single laboratory (PSI) were very different

for two replicate encapsulants (LE3 and LE5).

4.5  PULL ADHESION

The second adhesion protocol run in this pilot testing

program was ASTM D 4541 for pull adhesion.  In this case adhesion

was determined for all 18 products on unexposed panels, immersed

panels, and weathered panels.  This protocol uses a portable test

instrument to measure tensile or perpendicular pull strength

required to pull a plug of the test substrate from a test panel.

 A standard metal dolly was first adhered perpendicular to the

test substrate surface with a specified epoxy adhesive, and then

a pull force was applied to the dolly.  The end point was

specified as the greatest force that the test coating could

resist without loss of adhesion.  Alternatively, the test method

allows for the end point to be specified before testing begins,

in which case the product is tested at the end point and rated

pass/fail.  To gather the maximum information in this study, the

greatest force that each test coating could resist without loss

of adhesion was reported.  Loss of adhesion could occur along

several planes, and so the laboratories also reported the type of

failure which occurred.  Failures within a product were termed

"cohesive failures," while failures between the product and the

test panel were "adhesive" failures.  Failures between the dolly

and the epoxy or between the epoxy and the product were failures

of the dolly adhesive itself.

ASTM has not yet provided precision and bias statements for

ASTM D 4541.  Independent studies have suggested that results in

this test vary from one instrument type to another even with

adequate calibration of the test instrument.  For comparing

products of differing thicknesses at different times in different

laboratories, it might be more useful to specify that products be
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tested pass/fail at some specified stress, such as 100 psi, on a

particular type of adhesion pull tester.

Also, test panels should be selected that are rigid enough

to resist deformation at the pull strengths higher than those of

the products being tested.  The 0.01 inch tin-plated panel was

too thin for satisfactory performance on this test.  A thicker

steel panel would be a better choice.

Instrumentation

There are several types of adhesion pull testers in use and

some evidence suggests that results of the pull test can differ

from one type of instrument to another for the same coating

sample.  In this study, PSI used the Elcometer Adhesion Tester

Model 106/1, while CAE used the Model 106/4.  The Elcometer uses

a spring arrangement to apply a force to the dolly.  The force to

remove the dolly is indicated on the instrument scale as stress

(i.e., force per unit area) measured in pounds per square inch

(psi).  Other well known types of adhesion pull testers include

the Patti pneumatic adhesion tester and the Hate hydraulic

adhesion tester.  In some laboratories pull testing is

accomplished by modification of tensile testers such as an

Instron or Tinius tensile tester. 

The selection of the appropriate Elcometer scale should be

based on the expected pull-off stress of the samples to be

tested.  The Model 106/1 scale is most appropriate for stresses

between 100-500 psi, while the Model 106/4 scale is most

appropriate for stresses between 500 to 4000 psi. (100 psi is

approximately equal to 0.69 MPa.)  In this study the range of

pull-off stresses was concentrated from 100 to 500 psi, so the

Elcometer 106/1 scale was most appropriate.  The Elcometer 106/4

scale does allow interpolation for results less than 500 psi, but

these interpolated results may have limited accuracy.
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Dolly Adhesion

A two-part epoxy, 3M 1838, was used to secure the dollies to

all products.  This adhesive reaches full strength at room

temperature in 24 hours.  The required 24-hour cure time

presented a dilemma for adhering dollies for the post-water

immersion testing.  Adhesion was to be tested immediately (10

minutes) after immersion and again after a two-hour recovery

period.  One option was to adhere the dollies to the test panels

prior to water immersion to allow the adhesive to reach full

strength before immersion.  However, the product under the dolly

would then be somewhat protected from exposure to the water, and

the pull adhesion results might not be representative of adhesion

in a totally exposed area.  The second option was to adhere the

dollies to the product surface after removal from the water

immersion.  In this case, the 24-hour cure time needed to reach

full adhesive dolly strength prevented testing 10 minutes and two

hours after immersion since the dollies might not have adequate

adhesive strength.

The plan was to adhere the dollies after immersion.  PSI

began the test and discovered that the adhesive would not cure

rapidly enough to allow testing 10 minutes or 120 minutes after

immersion.  Based on this experience, the other laboratory, CAE,

proceeding with this test a few days later, was instructed to

adhere the dollies before immersion so that pull testing could be

accomplished at 10 and 120 minutes after immersion.

The 0.01 inch tin-plated steel test panels specified for

this test were not rigid enough to resist deformation due to the

stress exerted by the test apparatus.  Therefore, a second

uncoated panel had to be adhered to the back of each already

prepared test panel to prevent deformation during pull testing. 

The same two-part epoxy that was used to adhere dollies was also

used to secure these extra panels.
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In several cases during testing in this study, the dolly

epoxy did not adhere well to the test substrate and failure

occurred between the epoxy and the coating during, or prior to,

mounting in the test instrument.  There was no attempt made to

optimize the dolly adhesive for individual products in this

study.  That is, although the products represented a variety of

chemical types, all dollies were fastened with the same adhesive,

and it is possible that the selected adhesive was inadequate for

some products.  There were also some instances of loss of

adhesion between the test dolly and the selected epoxy.  These

failures could have been due to factors such as improper

preparation of the dolly surface, inadequate mixing of the

adhesive, or choice of an adhesive that adhered more strongly to

some test coatings than to the test dollies.

Scoring Around the Dolly

This pull test is usually run without scoring around the

dollies.  In this study, the test area was scored after dolly

placement so that the pull was not against the reinforcing

material.  If the load is spread across the panel, then mat area

and test panel area can become factors in the force required to

remove the dolly from the test panel.  If no scoring is used on

reinforced materials, pull is spread across the reinforcing mat.

 However, several of the reinforced products were very difficult

to cut through to the test panel and scoring could have produced

stress in the film that reduced adhesion.  Scoring is not the

recommended procedure in the test method; however, it is a

permitted option.

Results for Unexposed Panels

The pull adhesion results for unexposed panels are presented

in Figure 5 for all 18 products and both testing laboratories. 

As shown earlier in Table 11, there were three cases where PSI
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was unable to conduct the pull adhesion test.  In all three cases

(one RE2 panel and two RE3 panels), PSI experienced a dolly epoxy

failure during scoring or placement into the adhesion tester, and

before testing could be initiated.  There were also eight cases

(two LE4 panels, one LN3 panel, three LN6 panels, and two RN3

panels) where CAE experienced dolly epoxy failures, but they

occurred during testing so that a pull-off strength could be

recorded.  In these cases the recorded data represent lower

limits for the pull-off strength of the coating being tested.  In
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addition, there were eight cases at PSI (three LPE panels, three

LPI panels, one RE1 panel and one RE3 panel) and nine cases at

CAE (one HPE panel, three LPE panels, two LPI panels, two RE2

panels, and two RE3 panels) where the coatings separated from 

the panels at a very low pull-off strength (essentially 0 psi).

It should be noted in Figure 5 that because of the two

different instruments used by the two laboratories for testing,

CAE and PSI reported data with different accuracy for the pull

adhesion test.  CAE reported data to the nearest 100 psi, while

PSI reported data to the nearest 10 psi.  The results shown in

Figure 5 indicate rather variable pull-off strengths ranging from

a minimum near 0 psi to a maximum of 700 psi.  This variability

is further quantified by the statistical results listed in Tables

12, 13, and 15, which can be summarized as follows:

• No draft ASTM E06.23.30 standard is available for
comparison because ASTM is no longer planning to use the
pull adhesion test in their protocol.

• Pull-off strength was similar for the liquid and
reinforced coatings, averaging 200 psi in both cases
(Table 12).  However, the 300 psi average pull-off
strength measured by CAE was higher than the 140 psi
average pull-off strength measured by PSI (Table 13).  As
noted in Section 3.2, such laboratory differences were
only qualitatively evaluated, rather than tested for
statistical significance.  It is not clear whether in
this case the difference is due to the difference in
instrumentation used for testing, or to unknown factors
related to panel preparation, although the former reason
is probably most likely the case.

• Measurement variability among replicate test panels was
reasonably high, ranging from 32% to 47% of the mean for
the two laboratories (Table 13).

• Differences between test results for replicate products
were not found to be significant (Table 13).

• The pull-off strength of liquid encapsulants was found by
both laboratories to be significantly greater than the
pull-off strength of paints (Table 13).  The difference
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was estimated by CAE to be 200 psi, and by PSI to be 150
psi.

• For the liquid coatings a number of overlapping groups
were identified by the multiple comparisons analysis with
the lowest pull-off strengths at both CAE and PSI being
generally found for the paints (e.g., PSI Group E). 
However, the pull adhesion test could not distinguish
groups of similar products among the reinforced coatings
(Table 15). 

Immersed Panels

Pull adhesion data for the immersed panels are presented in

Figures 6 and 7, corresponding to readings taken approximately

10-20 minutes and 120 minutes after immersion, respectively.  Two

replicate panels were planned for the 10-minute dry, while only

one panel was to be evaluated after the 120-minute dry.  As shown

in Table 11 and discussed above, there was a great deal of

difficulty conducting the pull test after immersion because of

problems fastening the dollies to the coatings.  PSI, which tried

to fasten the dollies after panel immersion, had no success

running the test, and no measured data were reported.  CAE on the

other hand, which fastened the dollies before panel immersion,

was able to conduct most of the tests and report 49 of 54 planned

results.  However, the CAE results may not accurately represent

24-hour water immersion since the presence of the pre-attached

dolly could protect the product system directly underneath the

dolly.  Pull adhesion data for these immersed panels could be

artificially high.  Four of the CAE cases which could not be

tested (one panel each for LPE and LPI, and two RE1 panels) were

due to dolly epoxy failures during scoring or loading into the

test apparatus, while the fifth CAE case (one RE3 panel) was due

to loss of adhesion between product and panel before immersion.

The following points summarize the results of the post-

immersion pull adhesion testing which are listed in Figures 6 and

7, as well as Tables 12, 13, and 15:
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• For the liquid coatings, CAE pull-off strengths 10
minutes after immersion were lower (averaging 200 psi)
than pull-off strengths for unexposed panels (averaging



Table 15.  Results of Multiple Pairwise Comparisons for Pull Adhesion Testing

Test Type Liquid Products Reinforced Products
Pull Adhesion--
Unexposed Panels--CAE
   Product LE3* LE4 LN1 LE5* LN3* LN5* HPI HPE LN6 LE1 LPI LPE RN2* RN1* RN3 RE1 RE3* RE2*
   Mean (psi) 500 500 400 300 300 300 200 200 200 200 100 0 400 300 300 300 100 100
   Group A A A A A A A A A A A A A A A A A A
   Group B B B B B B B B B B
Pull Adhesion--
Unexposed Panels--PSI
   Product LN6 LE1 LN1 LE3* HPI LN5* LN3* LE4 LE5* HPE LPE LPI RN2* RE1 RN1* RN3 RE2* RE3*
   Mean (psi) 300 240 230 180 150 150 140 130 90 40 0 0 250 190 180 160 80 0
   Group A A A A A A A A A A A
   Group B B B B B B B
   Group C C C C C C C
   Group D D D D D D D
   Group E E E E E E
Pull Adhesion--10 min.
After Immersion--CAE
   Product LN1 LN6 LN3* LN5* LE3* LE4 LE5* LE1 HPI HPE LPE LPI RN3 RE3* RE2* RN1* RN2* RE1
   Mean (psi) 500 300 300 300 300 200 200 200 200 100 0 0 500 300 300 200 200 0
   Group A A A A A A A A A A A A A A A A A A A
Pull Adhesion--10 min.
After Immersion--PSI No data available No data available
Pull Adhesion--120 min
After Immersion--CAE No analysis--only one panel per product No analysis--only one panel per product
Pull Adhesion--120 min.
After Immersion--PSI No data available No data available
Pull Adhesion--
Weathered Panels--CAE
   Product LE3* LE5* LE1 LE4 HPE LPE No analysis--no variation among panels
   Mean (psi) 500 400 300 300 200 0
   Group A A A A A A
   Group B B B B B B
Pull Adhesion--
Weathered Panels--PSI
   Product LE5* LE1 LE3* LE4 HPE LPE RE1 RE2* RE3*
   Mean (psi) 270 250 220 150 120 0 240 10 10
   Group A A A A A A
   Group B B B B B B B
   Group C C C C
::
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300 psi).  However, 120 minutes after immersion the pull-
off strengths recovered to readings (averaging 300 psi)
similar to those for unexposed panels.

• Measurement variability 10 minutes after immersion was
found to be 56% and 47% of the mean for liquid and
reinforced coatings, respectively, which was generally
equivalent to the variability found for unexposed panels.
 No estimate of measurement variability 120 minutes after
immersion could be made since only one panel per product
was tested.

• Differences in pull-off strengths after immersion between
replicate products were sometimes large, ranging from 0
psi to 300 psi; however, none of these differences could
be judged to be statistically significant.

• Pull-off strength after immersion was again found to be
greater for liquid encapsulants than for paints (Table
13).  Ten minutes post immersion this difference was
statistically significant and found to be 200 psi; while
120 minutes post immersion the difference was found to be
300 psi, although in the latter case the statistical
significance of the difference could not be assessed
since no estimate of measurement variability could be
made.

• The multiple pairwise comparisons analysis could only be
performed for CAE test results run 10 minutes after
immersion; however, even in this case no significant
groupings among the products could be distinguished by
the pull adhesion test (Table 15).

Weathered Panels

Pull adhesion results for the weathered panels are shown in

Figure 8.  Three replicate panels were planned for each of the

nine exterior products.  As shown in Table 11, all planned data

were collected with three exceptions.  Two CAE panels (both RE1

product), as well as one PSI panel (product HPE), could not be

tested due to dolly epoxy failures during scoring or loading into

the test apparatus.
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Analysis of the weathered pull adhesion data is summarized

in Tables 12, 13, and 15, and highlighted by the following

points:
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• For liquid coatings pull-off strength after weathering
was the same (averaging 200 psi) as that for unexposed
panels. However, for reinforced coatings this was not
true; pull-off strength after weathering was lower (0
psi) than that for unexposed panels (200 psi).  The
decrease in adhesion after weathering could have a number
of explanations including, but not limited to, coating
degradation, different rates of thermal expansion for
different reinforcing mats, panels etc.  Because of the
variables, a more detailed study would be necessary to
determine the cause or causes.

• Test results measured at CAE for weathered panels were
consistently higher than those measured at PSI, probably
due to the different instruments used for testing.

• Measurement variability for the weathered panels was
consistent with that observed for both the unexposed and
immersed pull adhesion tests, ranging from 31% to 46% of
the mean for the two laboratories.

• Differences between replicate encapsulant products were
not found to be statistically significant.

 • Post-weathering pull adhesion for liquid products was
generally greater than that for reinforced products.

 
• Pull-off strength after weathering for the exterior

liquid encapsulants was again found to be significantly
higher than that for standard exterior paints.  CAE
estimated the difference to be 200 psi, while PSI
estimated the difference at 160 psi.

• Multiple comparisons results for the exterior liquid
coatings indicated that the pull adhesion test
distinguished either two (CAE) or three (PSI) overlapping
groups, with pull adhesion for the paints and encapsulant
product LE4 (e.g., PSI Group C in Table 15) generally
falling below that of the other exterior encapsulants. 
For the exterior reinforced products tested at PSI, the
weathered pull adhesion test distinguished the
cementitious product RE1 from the other two products.

Summary of Pull Adhesion Results

The pull adhesion protocol is a more quantitative test than

the tape adhesion protocol, and results from this study indicate

that it may be able to distinguish among some products. 
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Instrumentation appears to be an important factor because the

results obtained by PSI with the Elcometer Model 106/1 were

consistently higher than those obtained by CAE with the Elcometer

Model 106/4.  The scale used by CAE required the data to be

measured to the nearest 100 psi, while the data for PSI were

measured to the nearest 10 psi.  Adhesion to the tin-plated steel

panels used in this test was a problem for some coatings; there

were several cases where the measured adhesion was near 0 psi. 

It is also interesting to note that pull adhesion was generally

equivalent for the liquid and reinforced products, except after

weathering, where the pull adhesion of liquid products was

greater than that of reinforced products.

Selecting an adhesive for fastening dollies to the coatings

was important, particularly when the pull adhesion protocol was

run in conjunction with water immersion testing.  Testing at PSI

found that fastening the dollies soon after immersion was not a

viable option for testing less than 24 hours after immersion. 

Also, fastening the dollies before immersion may interfere with

the water/product interaction.  However, based on CAE data where

the dollies were fastened before immersion, post-immersion pull

adhesion was generally lower 10 minutes after immersion than that

for unexposed panels, while adhesion was generally restored 120

minutes after immersion to the levels of unexposed panels.

For unexposed panels both laboratory variability and

measurement variability were high.  For water immersed panels

both replicate product variability and measurement variability

were high; and the multiple comparisons analysis could

distinguish no clear groupings among the products.  For weathered

panels both laboratory variability and measurement variability

were high.

4.6  SCRUB RESISTANCE
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Scrub resistance was measured for all 18 products on

unexposed panels and for the nine exterior products after

weathering.  This ASTM test is primarily designed for evaluation

of interior paints and its use in conjunction with the 1000 hour

weathering cycle presented two technical challenges associated

with the panel size and panel composition.  First, the black

plastic panels commercially available for use in this test are

sized 165 by 432 by 0.25 mm (6½ by 17 inches by 10 mils) to fit

the washability test instruments.  However, the sample panel

holders in the QUV test chambers accommodate samples only 89 by

305 mm (3½ by 12 inches) long.  Therefore, procedural

modifications had to be devised to allow scrub testing weathered

samples in this study.  The second technical challenge was the

polymer composition of the scrub panels supplied by Leneta

Company.  In this study the panels deformed in the weathering

cycle in less than 200 hours, leaving an uneven surface.  The

type of polymer used to make the Leneta panels is considered

proprietary, but the supplier did confirm that the polymer was

not selected for resistance to heat.  In order to obtain

repeatable scrub test results, the sample panel should be level

so that the brush can uniformly contact the film surface during

testing.  Therefore, performing the scrub test on exterior

products after a weathering cycle will require a new test panel

composition and modification of the holding frame on the

commercial washability machines. 

Since these products were tested at a variety of

thicknesses, the scrub results should be examined for trends

only.  If the products not reaching 5000 cycles were applied at a

greater film thickness, the results could be different.  Results

from this test would be easier to interpret comparatively if all

products had been tested at the same thickness.  However, many of

these products are specifically formulated for best performance

at higher system thicknesses, and panels in this study were
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prepared according to manufacturer recommendations.  Careful

consideration should be given to sample panel film thickness when

conducting this test in the future. 

Also, the test procedure is time consuming to run to failure

or 5000 cycles as specified in this study.  The method calls for

observation of the test substrate and addition of fresh scrub

medium every 400 cycles.  Therefore, carrying this test to 5000

cycles requires technician intervention at 11 minute intervals

for about three hours.  Since two (or three) test panels must be

scrubbed for each product test, testing to 5000 cycles is labor

intensive and time consuming, and provides minimal information. 

ASTM E06.23.30 requires testing to only 1200 cycles.

Results for Unexposed Panels

Figure 9 presents the results from running the scrub

resistance protocol at both laboratories on unexposed panels

coated with all 18 products.  This figure is similar to the

earlier adhesion figures in that it lists individual test results

for each product along with the mean result.  Also note that

Figure 9 shows as a horizontal line the ASTM E06.23.30 draft

performance standard for liquid coatings which is currently

proposed at 1200 cycles.  Data completeness for this test was

quite good (Table 11).  However, due to the surface variability

sometimes introduced by hand-troweled panel preparation, one

panel at CAE could not be tested because the brush would not

track properly over the rough surface of the cementitious product

RE1.

The results in Figure 9 indicate that several encapsulant

systems are durable enough and/or applied at sufficient thickness

to survive the scrubbing protocol for a full 5000 cycles.  This

statement is particularly true for the reinforced products where

all six systems lasted the full 5000 cycles without breakthrough.

 This fact results in censored data for those coatings that last
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5000 cycles; that is, the true end point for these coatings is

greater than 5000 cycles, but that endpoint can not be observed

due to the 5000 cycle constraint placed on the protocol.  It

should be noted that this censoring has not been formally dealt
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with in the statistical analyses which follow.  Censoring

generally results in underestimates of data variability, which

can affect subsequent assessments of statistical significance.

Results of the statistical analyses are presented in Tables

12, 13 and 16, and are summarized as follows:

• Of the 12 liquid products tested at CAE and PSI, all but
3 products achieved scrub resistance results greater than
the draft ASTM E06.23.30 standard of 1200 cycles.  The
high-quality interior paint (HPI) tested at CAE, and the
low-quality interior paint (LPI) tested at both CAE and
PSI failed to meet the draft ASTM standard.  There is
currently no draft ASTM standard for reinforced products.

• As noted above, every panel for the reinforced coatings
tested at both CAE and PSI lasted the full 5000 cycles,
so the test could distinguish no differences between any
of the six reinforced products. 

• In contrast, there were 11 out of 24 cases where all
panels with a liquid coating tested either at CAE or PSI
lasted 5000 cycles.  The mean end point for all liquid
coatings tested on unexposed panels was 3846 cycles. 
However, it is interesting to note that the mean end
point for liquid coatings tested at CAE was 3459 cycles
while the mean end point measured by PSI was higher at
4232 cycles.

• Measurement variability among replicate test panels was
found to be relatively low for the scrub test, ranging
from 7% to 10% of the mean (Table 13).  However, as noted
above, this variability is probably underestimated due to
censoring in the data.

• Variability between the scrub results for replicate
encapsulant products was not found to be significant
(Table 13).  Again, this result may have been affected by
data censoring.

• The average end point for liquid encapsulants was found
at both laboratories to be significantly greater than the
average end point for paints (Table 13).  At CAE this
difference was estimated to be 2971 cycles, and at PSI
the difference was estimated at 2161 cycles.
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• The multiple comparisons analysis could not be performed
for the reinforced coatings.  For the liquid coatings
this analysis showed that the scrub test distinguished 4



Table 16.  Results of Multiple Pairwise Comparisons for Scrub Resistance Testing

Test Type Liquid Products Reinforced Products

Scrub Resistance--

Unexposed Panels--CAE

   Product LE1 LE4 LN5* LN6 LN3* LE5* LE3* LPE HPE LN1 HPI LPI No analysis--no variation among panels

   Mean (cycles) 5000 5000 5000 5000 5000 4538 4195 2479 2100 2048 989 158

   Group A A A A A A A

   Group B B B

   Group C C C C

   Group D D

   Group E E

Scrub Resistance--

Unexposed Panels--PSI

   Product LN3* LE4 LE3* LN6 LE5* LN1 LE1 LN5* LPE HPE HPI LPI No analysis--no variation among panels

   Mean (cycles) 5000 5000 5000 5000 5000 5000 4980 4600 4527 3400 2377 904

   Group A A A A A A A A A A

   Group B B B B

   Group C C C

   Group D D

Scrub Resistance--

Weathered Panels--CAE

   Product LE5* LPE LE3* LE4 LE1 HPE No analysis--no variation among panels

   Mean (cycles) 5000 5000 5000 5000 4797 4031

   Group A A A A A A

   Group B B

Scrub Resistance--

Weathered Panels--PSI No analysis - no variation among panels No analysis--no variation among panels

::
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or 5 groups of similar products at PSI and CAE, with the
paints and one encapsulant (LN1 at CAE and LN5 at PSI)
being grouped together with lower end points (Table 16).

Weathered Panels

Scrub resistance data for the weathered panels are presented

in Figure 10.  In this case three replicate panels were to be

tested for each of the nine exterior products.  As discussed

earlier, deformation was frequently observed for scrub resistance

panels that were subjected to the weathering protocol. 

Therefore, all of the data in Figure 10 may have been compromised

to some degree.  And in fact, because of the problems with panel

warping, relatively few measured results were obtained from this

test protocol at all (Table 11).  Five panels at CAE and 17

panels at PSI were too warped to test.

Results from the analysis of these data are shown in Tables

12, 13, and 16, and are summarized in the following points:

• All test panels lasted at least 4000 cycles (Table 12),
and all panels for 7 of the 9 products tested lasted the
full 5000 cycles.

• As was the case for unexposed panels, every panel for the
three exterior reinforced products lasted the full 5000
cycles.  In addition, all panels for four of the six
exterior liquid products lasted 5000 cycles.  The mean
end point for all weathered liquid products tested was
4914 cycles.  In addition, all tests run for weathered
liquid products at PSI lasted 5000 cycles, while tests
run at CAE were essentially the same, averaging a
slightly lower 4894 cycles.

• After weathering, scrub resistance was typically equal to
or higher than that for unexposed panels.  The lone
exception to this finding was product LE1 tested at CAE
where the average end point after weathering was 4797
cycles as opposed to 5000 cycles for unexposed panels. 
As a result, the mean end point for all weathered liquid
products (4914 cycles) was greater than that for all
unexposed liquid products (3846 cycles).
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• Measurement variability for the weathered panels at CAE
was estimated at only 2% of the mean.  However, as with
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all the scrub resistance results, this is probably an
underestimate due to data censoring.

• No variation was observed for weathered scrub resistance
between replicate encapsulant products.

• Just as for unexposed panels, scrub resistance for
weathered liquid encapsulants tested at CAE was found to
be statistically significantly greater than that for
paints (Table 13); however, the estimated difference was
only 417 cycles, which is only slightly above the 400
cycle interval at which observations are made, and
therefore is of marginal practical significance.  This
same comparison could not be performed at PSI since no
weathered paints could be tested.

• The multiple comparisons analysis showed that the
weathered scrub test distinguished only one significant
grouping, which was that the weathered scrub resistance
for the high-quality paint (HPE) tested at CAE was lower
than that for the other liquid products (Table 16).

Summary of Scrub Resistance Results

The results of this study indicate that the scrub resistance

protocol may be able to distinguish among some products.  The

mean end point for unexposed encapsulants was about 2000-3000

cycles greater than the mean end point for unexposed paints. 

However, it should be remembered that three of the eight

encapsulants were two-coat systems which were applied at

approximately twice the thickness of the one-coat paints. 

Furthermore, when comparing the test results against the current

draft ASTM standard of 1200 cycles, several of the unexposed

products in this study lasted 2000 cycles or more and weathered

products lasted even longer (4000 cycles or more).  For

reinforced encapsulants it is important to note that every tested

panel lasted the full 5000 cycles, and therefore the test may be

inappropriate for reinforced products since it was unable to

distinguish among them.  It was also interesting that the mean

end point for unexposed liquid coatings tested at PSI was

approximately 800 cycles higher than that at CAE; this difference
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may be an indication of the laboratory variability to be expected

with the scrub resistance test.

When performing the scrub test in conjunction with the

weathering protocol, it is important to realize that consistent

and reliable results are not possible using the standard black

plastic panels.  This is because serious panel warping during the

weathering step was found to occur in many cases, leaving the

panels with an uneven surface along which the scrubbing brush

could not uniformly pass.  However, these study results suggest

that resistance for weathered panels can be greater than that for

unexposed panels.

4.7  FLEXIBILITY

Flexibility was determined for all 18 products on unexposed

panels and for all nine exterior products after weathering.  The

test method used in this study specified a five-second bend

around a conical mandrel.  Crack length was then reported as a

measure of resistance to cracking.  ASTM considers this test

acceptable for evaluating the resistance to cracking of attached

coatings.  The encapsulant products tested in this study were not

formulated specifically for adhesion to unpainted metal surfaces.

 For example, products RE2 and RE3 represent a polyester/acrylic

chemistry that is unlike any of the other encapsulants tested. 

These products may have quite good adhesion to intended

substrates but do not adhere adequately to the metal panels

selected for this test so results may not be comparable to other

products tested.  Also, the trowel-applied RE1 product could not

be tested for flexibility using this test because the prepared

sample panels were too thick to insert into the conical mandrel

test instrument.

Results for Unexposed Panels
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The results from running the flexibility test on unexposed

panels are shown in Figure 11 for 17 of the 18 products tested.
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As stated above, the cementitious product RE1 was too thick to

fit into the testing apparatus, resulting in three missing tests

for each laboratory.  Also shown in Figure 11 is the ASTM

E06.23.30 draft performance standard for liquid coatings of

cracks less than or equal to 0.25 inches.  The results in this

figure indicate that very few panels experienced cracking during

the test, that is, most coatings were reasonably flexible.  Also,

the results were often identical for all three replicate panels

of each product.

The lack of variability in the flexibility test results

precluded a sophisticated statistical analysis; however, the

findings which could be made are presented in Tables 12, 13, and

17, as well as in the following points:

• Of the 12 liquid products tested at CAE and PSI, all but
one product, the high-quality interior paint (HPI) tested
at both CAE and PSI, achieved flexibility results below
the draft ASTM E06.23.30 standard of a 0.25 inch crack
length.  There is currently no draft ASTM standard for
reinforced products.

• Only three products experienced any cracking whatsoever,
the high-quality interior paint (HPI) and the replicate
reinforced exterior encapsulant, which was an acrylic and
polyester composite with fiberglass non-woven mat (RE2
and RE3).  In the case of the reinforced product, the
coating cracked along its entire length (i.e., 6 inches
for PSI, and 3 inches for CAE who oriented the panels in
the opposite direction).

• Because most replicate test panels returned identical, or
nearly identical, results, the estimated measurement
variability was low, although relative to the mean this
variability ranged from 67% to 100% for the two
laboratories (Table 13).

• No differences in flexibility were observed for replicate
encapsulant products.

• Since the paint HPI was the only liquid product to crack,
there was a statistically significant difference between
the mean crack length for encapsulants and paints (Table
13); however, no difference was observed for the other
paints.  Based on CAE data this mean difference was -0.06
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inches, while based on PSI data the difference was -0.08
inches.



Table 17.  Results of Multiple Pairwise Comparisons for Flexibility and Impact Resistance Testing

Test Type Liquid Products Reinforced Products

Flexibility--

Unexposed Panels--CAE

   Product HPI LE1 LE3* HPE LE5* LPE LN1 LE4 LN3* LPI LN5* LN6 No analysis--no variation among panels

   Mean (crack length in.) 0.23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

   Group A A

   Group B B B B B B B B B B B B

Flexibility--

Unexposed Panels--PSI

   Product HPI LE1 LE3* HPE LE5* LPE LN1 LE4 LN3* LPI LN5* LN6 No analysis--no variation among panels

   Mean (crack length in.) 0.34 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

   Group A A

   Group B B B B B B B B B B B B

Flexibility--

Weathered Panels--CAE

   Product LPE LE1 LE3* LE4 LE5* HPE No analysis--no variation among panels

   Mean (crack length in.) 1.67 0.0 0.0 0.0 0.0 0.0

   Group A A

   Group B B B B B B

Flexibility--

Weathered Panels--PSI

   Product LPE LE1 LE3* LE4 LE5* HPE No analysis--no variation among panels

   Mean (crack length in.) 0.29 0.0 0.0 0.0 0.0 0.0

   Group A A A A A A A

Impact Resistance--

Unexposed Panels--CAE No analysis - only one result per product No analysis--only one result per product

Impact Resistance--

Unexposed Panels--PSI No analysis - only one result per product No analysis--only one result per product

::
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• Because of the lack of variability in the test results,
the multiple comparisons analysis simply differentiated
the paint HPI from the rest of the liquid products (Table
17).

Weathered Panels

Flexibility data for the weathered panels are presented in

Figure 12.  In this case three replicate panels were to be tested

for each of the nine exterior products.  As indicated in Table 11

there were a few panels at each laboratory that could not be

tested.  As with the unexposed panels, cementitious product RE1

could not be tested because it was too thick to fit in the test

apparatus, accounting for three missing panels at each

laboratory.  Also, at CAE one RE2 panel and two RE3 panels lost

adhesion prior to testing, and the same problem was experienced

at PSI for one RE3 panel.

The weathered flexibility results were quite similar to

those for the unexposed panels, except that in this case the low-

quality exterior paint LPE experienced cracking while for the

unexposed panels the high-quality interior paint cracked. 

Results from the statistical analysis of these results are

summarized below:

• Of the 6 liquid products tested at CAE and PSI, all but
one product, the low-quality exterior paint (LPE) tested
at both CAE and PSI, achieved flexibility results below
the draft ASTM E06.23.30 standard of a 0.25 inch crack
length.  There is currently no draft ASTM standard for
reinforced products.

• The reinforced exterior products RE2 and RE3 cracked
along their entire length, and the only other product to
crack was the paint LPE.

• As a result of the cracking of paint LPE, there was a
statistically significant difference between the mean
crack length for encapsulants and paints, even though
there was no cracking in the other paints.  This
difference was estimated as -0.83 inches at CAE and -0.15
inches at PSI (Table 13).
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• No differences in flexibility were observed for replicate
encapsulant products, and the multiple comparisons
analysis simply distinguished the paint LPE from the rest
of the liquid products at CAE (Table 17).

Summary of Flexibility Results

Very few unexposed or weathered products experienced

cracking during the flexibility test.  However, when cracking did

occur it was for two paint products and one relatively inflexible

reinforced encapsulant, the reinforced exterior acrylic and

polyester composite encapsulant (RE2 and RE3).  Therefore, while

the study results do indicate that the flexibility protocol may

be able to distinguish between some encapsulants (products RE2

and RE3) and paints (products HPI and LPE), most paints and

encapsulants showed no differences with this test method.

4.8  IMPACT RESISTANCE

Impact resistance was measured for all 18 products on

unexposed panels via direct impact with a 15.9 mm (0.625 inch)

diameter indenter.  Failure is defined as the first sign of

surface cracking detectable by visual inspection aided by a 5x

magnifier.  The laboratories determined a failure point for each

product by gradually increasing the distance from which the

weight was dropped and examining the surface for cracking.  A

series of impacts was then performed above, at, and below this

failure point to arrive at the end point in kilogram-meters

(inch-lbs).  The failure point was sometimes difficult to

determine for multi-coat and reinforced products, especially

those compressing on impact, because it was difficult to

determine whether or not cracks were present.

According to ASTM, this test is subject to poor

reproducibility from one laboratory to another.  Therefore,

results between laboratories are usually compared based on

rankings of the actual results.  If test data are to be

determined by more than one laboratory, or products are to be
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tested at separate times and the data compared, each product

could be tested against a known standard product on a pass/fail

basis at a set level of performance, such as 80 inch-lbs.

Variability of results from one laboratory to the other was

evident in this study.  In particular, the results for

cementitious product RE1 were hard to interpret and the

laboratories came to dramatically different conclusions. 

Compression damage to this product was evident starting at 4

inch-lbs but did not appear as definite cracks.  In addition,

impact at 160 inch-lbs did not produce more severe damage.  There

were no flakes, crumbling, or easily identifiable cracks at

either the maximum or minimum impact for RE1.  One laboratory

determined that this product did not fail at the maximum impact,

while the other determined the failure point at the first sign of

deformation.

Results for Unexposed Panels

Results for impact testing on all 18 products are shown in

Figures 13 and 14.  Figure 13 displays the raw impact data by

listing at each height the number of impacts which resulted in no

visible surface cracking (pass) and the number of impacts which

resulted in cracking (fail).  As with previous figures, the CAE

results for each product are shown as the left-hand column of

data, while the PSI results are shown as the right-hand column. 

The final end point for each product was then determined as that

height at which the impact results switch from mostly pass to

mostly fail.  These end points are presented in Figure 14.  Note

that for several products no surface cracking was observed, even

up to the maximum force applied of 160 inch-lbs.  Also note that

the ASTM E06.23.30 draft performance standard of 80 inch-lbs has

been added for reference to Figure 14.  In addition, it can be

seen in Figure 13 that the final end point for each product is

not always obvious to determine.  In some cases, such as the low-

quality exterior paint (LPE) tested at CAE, fewer failures may
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actually be found at some greater heights than at some lower

heights.  Also, even though the protocol called for five tests to
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be performed at each height close to the final end point (i.e.,

at the end point, as well as one inch below and one inch above

the end point), there were sometimes fewer, or more, than five

tests run.  In most cases these differences did not appear to

seriously affect determination of the final end point, although

as noted above, several of the final end points must be

considered uncertain.

Because only one impact resistance result was obtained for

each product, no estimate of measurement variability could be

calculated, no tests of statistical significance could be

performed, and no multiple comparisons among products could be

made (Table 17).  However, the statistical results which could be

determined are presented in Tables 12 and 13, and summarized

below:

• Of the 12 liquid products tested at CAE and PSI, all but
6 products achieved the draft ASTM E06.23.30 standard of
80 inch-lbs.  Those products not achieving the draft ASTM
standard were the liquid exterior hybrid copolymer latex
encapsulant (LE1) tested at PSI, the low-quality exterior
paint (LPE) tested at PSI, and the high-quality (HPI) and
low-quality (LPI) interior paints tested at both CAE and
PSI.  No draft ASTM standard currently exists for
reinforced products.

• Impact resistance measured by CAE was higher than, or
equal to, that measured by PSI for every product tested.
 On average the difference was 24 inch-lbs for liquid
coatings and 37 inch-lbs for reinforced products (Table
13).  However, for three products (LE1, RE1, and RN3) the
differences between results for CAE and PSI were much
greater (Figure 14).  As noted earlier, laboratory
variability was at least partly due to difficulties
identifying cracks for some products, such as RE1.

• Differences between replicate encapsulant products were
reasonably small (Table 13), particularly for CAE (0 to 4
inch-lbs), but for PSI they were somewhat larger (0 to 28
inch-lbs).

• Impact resistance for the liquid encapsulants was from 68
to 80 inch-lbs higher than that for the paints (Table
13).
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• Impact resistance for the liquid products averaged 115
inch-lbs which was higher than the average impact
resistance for reinforced products at 99 inch-lbs (Table
12).  However, it should be remembered that the impact
resistance was quite different among the various products
tested, so those average values should not be taken as
indicators of general trends between the liquid and
reinforced products.

Summary of Impact Resistance Results

The impact resistance test does appear to be able to

distinguish among some products.  The average impact resistance

for liquid encapsulants was about 70-80 inch-lbs higher than that

for paints.  Also, three of the four paints tested had estimated

impact resistance below the ASTM E06.23.30 draft standard of 80

inch-lbs, while only one liquid encapsulant (LE1) had an impact

resistance less than the standard.  The test also appeared to

clearly identify products RE2 and RE3 as having low impact

resistance in comparison with the other reinforced products,

although for two of the other products (RE1 and RN3) differences

between the two testing laboratories were quite large.  In

general, differences between the replicate encapsulant products

and between the two laboratories were reasonably small, although

impact resistance measured by CAE was consistently higher than,

or equal to, that measured by PSI.

4.9  DRY ABRASION RESISTANCE

Dry abrasion resistance was determined for all 18 products

on unexposed panels.  Each product system was applied to S-16

commercial steel panels at the thickness recommended by the

manufacturer.  The sample surface was abraded by rotating the

panel under 1000 gram weighted abrasive wheels (CS-17).  Wheels

were resurfaced after each 500 cycles of abrasion, and testing

was continued to failure or 5000 cycles to yield maximum

information about the range of product performances.  Failure was

defined as removal of the product to expose the metal substrate.
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Results for two coatings are most comparable when those

coatings are applied at the same thickness.  However, this study

was designed to provide information about the range of results

attainable by a variety of products at their optimum performance.

 Therefore, each was applied at the thickness recommended for

that product system.  Some products were thin, some were two or

more coats, and some included reinforcing materials.  The

variation in thickness alone was 4 mils to more than 300 mils. 

Since failure was defined as wear through to the test panel, 

thick product systems could lose more mass than thin products

without failing.

All products were abraded with CS-17 wheels.  However, at

least one of the reinforced products (RE1) was so rough and

abrasion resistant that CS-17 wheel wear was excessive.  There

are harder wheels available commercially for the Taber Abraser

test apparatus but using wheels of different hardnesses in a

comparative test makes comparison of dry abrasion resistance

performance difficult.

This test has poor interlaboratory reproducibility according

to ASTM.  Interlaboratory agreement may be improved significantly

when rankings of coatings are used in place of numerical values.

 Numerical values can more reliably be compared when all testing

is performed in one laboratory on coatings of the same thickness

using the same test conditions.

Cycles to Failure or End Point

The dry abrasion resistance cycles to failure results are

presented in Figure 15 for each of the 18 products tested.  As

shown in Table 11, two panels were to be tested for each product,

and most anticipated results were successfully reported by both 

laboratories.  However, both laboratories had two cases where

complete results were not obtained.  For product RN3, CAE

prematurely stopped the testing of both replicate panels after

3500 cycles when the reinforcing mat appeared, even though the
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coating had not yet been abraded completely through to the

substrate.  PSI did not finish testing one RE1 panel because

excessive wear of the CS-17 wheels was occurring; and then

because of this result, they did not attempt testing on the
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second RE1 panel.  Similar to the scrub resistance data presented

earlier, Figure 15 indicates that some encapsulant systems,

particularly the reinforced systems, are durable enough and/or

thick enough to survive dry abrasion for a full 5000 cycles. 

This fact results in some censored data which can affect the

statistical results that follow.

Findings from the statistical analyses are shown in Tables

12, 13, and 18, and can be summarized as follows:

• Since this study was initiated, the ASTM E06.23.30 Task
Group has decided to set the standard for this test in
terms of the loss in film thickness, rather than the
cycles to end point or weight loss.  Therefore, the
testing results from this study can not be directly
evaluated against the draft ASTM standard.

• Every panel for the reinforced coatings, with the
exception of CAE's testing of product RN3 and PSI's
testing of product RE1, lasted the full 5000 cycles; and
even in these other cases, the testing was stopped
although no failure had occurred.

• For liquid coatings the cycles to end point ranged from
failure at 600 cycles to full testing at 5000 cycles
(Table 12).  It is also interesting to note the
reasonably good agreement of the testing results for CAE
and PSI with the possible exception of standard interior
paint HPI (Figure 15).

• Measurement variability among replicate test panels was
relatively low, ranging from 12% to 15% of the mean
(Table 13); however, data censoring may have resulted in
an underestimation of that variability.

• Variability between replicate encapsulant products was
not significant for reinforced coatings or liquid
coatings tested by CAE, but it was significant for liquid
coatings tested by PSI due to the large differences
observed between exterior products LE3 and LE5 (Table
13).

• The average end point for liquid encapsulants was found
at both laboratories to be significantly greater than
that for paints (Table 13).  Based on CAE results the
difference was estimated to be 838 cycles, while the PSI
results indicated the difference at 1456 cycles.



Table 18.  Results of Multiple Pairwise Comparisons for Dry Abrasion Resistance Testing

Test Type Liquid Products Reinforced Products

Dry Abrasion Resistance--

Endpoint--CAE

   Product LN5* LN6 LN3* HPI LE5* LE4 LE3* LN1 HPE LPE LPI LE1 No analysis--no variation among panels

   Mean (cycles) 5000 5000 4401 4196 3772 3126 3124 3102 2286 2192 1637 1120

   Group A A A A A A

   Group B B B B B B B

   Group C C C C C C

   Group D D D D D D D

   Group E E E E E

Dry Abrasion Resistance--

Endpoint--PSI

   Product LN3* LN6 LN5* LE5* LN1 LE3* LE4 HPE HPI LPE LPI LE1 No analysis--no variation among panels

   Mean (cycles) 5000 5000 5000 4425 3900 3075 3050 2675 2000 1950 1885 800

   Group A A A A A A

   Group B B B B B B

   Group C C C C C C C

   Group D D D D D

Dry Abrasion Resistance--

Loss at 1000 Cycles--CAE

   Product LE1 LPE LPI HPE LN3* HPI LN5* LE3* LE5* LE4 LN6 LN1 RE1 RN3 RE2* RN2* RE3* RN1*

   Mean (g) 0.42 0.29 0.26 0.20 0.20 0.19 0.18 0.17 0.17 0.16 0.14 0.11 0.17 0.15 0.15 0.13 0.12 0.11

   Group A A A A A A A A

   Group B B B

   Group C C C C

   Group D D D D D D D D D

   Group E E E E E E E

Dry Abrasion Resistance--

Loss at 1000 Cycles--PSI

   Product LE1 LPI HPI LPE HPE LN6 LE4 LE3* LN3* LN1 LN5* LE5* RE3* RE2* RN3 RE1 RN1* RN2*

   Mean (g) 0.55 0.28 0.28 0.27 0.25 0.19 0.17 0.16 0.14 0.14 0.10 0.09 0.20 0.19 0.19 0.15 0.08 0.02

   Group A A A A A A

   Group B B B B B B B B B B

   Group C C C C C C C C C

   Group D D D D D D D D

::



Table 18.  Continued

Test Type Liquid Products Reinforced Products

Dry Abrasion Resistance--

Loss at Endpoint--CAE

   Product LN3* LN6 LN5* HPI LPE LE5* LE3* HPE LE4 LE1 LN1 LPI RE2* RE3* RN1* RE1 RN2* RN3

   Mean (g) 0.87 0.76 0.75 0.70 0.66 0.59 0.58 0.56 0.49 0.48 0.44 0.43 0.55 0.50 0.49 0.48 0.46 0.46

   Group A A A A A A A A A A A A

   Group B B B B B B B B

   Group C C C C C C C C

   Group D D D D D D D D D

Dry Abrasion Resistance--

Loss at Endpoint--PSI

   Product LN3* LN6 LPE HPE HPI LN1 LPI LE4 LE3* LE1 LN5* LE5* RE3* RN3 RE2* RN1* RN2*

   Mean (g) 0.85 0.82 0.71 0.62 0.56 0.54 0.51 0.50 0.47 0.45 0.42 0.35 0.82 0.78 0.65 0.38 0.06

   Group A A A A A A A A A A A A A A A A

   Group B B B B

   Group C C C

Dry Abrasion Resistance--

Wear Index--CAE

   Product LE1 LPE LPI HPE LN3* LE3* HPI LE4 LE5* LN6 LN5* LN1 RN3 RE2* RE3* RN1* RE1 RN2*

   Mean (g/1000 cycles) 0.43 0.30 0.26 0.25 0.20 0.19 0.17 0.16 0.16 0.15 0.15 0.15 0.13 0.11 0.10 0.10 0.10 0.09

   Group A A A A A A A A

   Group B B B B

   Group C C C C C

   Group D D D D D

   Group E E E E E E E E E

Dry Abrasion Resistance--

Wear Index--PSI

   Product LE1 LPE HPI LPI HPE LN3* LE4 LN6 LE3* LN1 LE5* LN5* RE3* RN3 RE2* RN1* RN2*

   Mean (g/1000 cycles) 0.57 0.37 0.28 0.27 0.24 0.17 0.17 0.16 0.16 0.14 0.08 0.08 0.16 0.16 0.13 0.08 0.01

   Group A A A A A

   Group B B B B B B B B B B

   Group C C C C C C C C C C C C

   Group D D D D D D D D D D

::
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• The multiple comparisons analysis could not be performed
for the reinforced products, but for the liquid coatings
4 or 5 overlapping groups were distinguished where the
groups with lowest end points contained the paints and
encapsulant LE1, and the groups with highest end points
generally contained the other interior encapsulants
(Table 18).

Weight Loss at 1000 Cycles

Whereas the cycles to failure presented in the previous

section provided a measure of both the durability and thickness

of an encapsulant system, weight loss at 1000 cycles and wear

index (i.e., weight loss per 1000 cycles over entire testing

period) primarily measured the durability of the coatings. 

(Note:  The term weight loss is used here in accordance with the

ASTM method; however, the units reported, grams, more accurately

reflect the mass loss.)  Figure 16 shows the weight loss at 1000

cycles measured for all 18 of the products tested.  Completeness

for these data was quite good with only two values missing (Table

11).  The missing value at PSI resulted when the second

cementitious panel (RE1) was not tested because excessive wear of

the CS-17 wheels had resulted from testing the first cementitious

panel.  And the "unable to test" result for PSI was due to the

fact that one panel for product LE1 only lasted to 600 cycles

before failure, so the loss at 1000 cycles could not be measured.

The statistical modeling results for these data are listed

in Tables 12, 13, and 18, and can be summarized as follows:

• The weight loss during the first 1000 cycles for
reinforced products averaged 0.14 grams, which was
substantially less than that for liquid coatings which
averaged 0.21 grams (Table 12).  These results were also
reasonably consistent between CAE and PSI (Figure 16 and
Table 13).

• Measurement variability among replicate test panels was
reasonably low, ranging from 10% to 21% of the mean for
the two laboratories (Table 13).
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• Variability in weight loss between replicate encapsulant
products was not judged to be statistically significant
(Table 13).
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• The mean weight loss at 1000 cycles for the liquid
encapsulants was significantly less at both laboratories
than the corresponding loss for paints.  Based on data
from CAE the difference was estimated to be -0.04 grams,
and based on PSI data it was estimated at -0.05 grams
(Table 13).

• The multiple comparisons analysis (Table 18)
differentiated between 4 or 5 overlapping groups of
liquid products, with the paints and encapsulant LE1
falling in groups with the greatest weight loss at 1000
cycles.  For the reinforced products, the CAE results
could not be differentiated into separate groupings of
products, but the PSI results were separated into three
groups with the acrylic products RN1 and RN2 experiencing
the lowest losses.

Weight Loss at End Point

For products where testing resulted in failure through to

the substrate, the weight loss at end point provided an indirect

measure of the original thickness of the coating.  However, when

trying to compare data across different products, this

interpretation does not apply to coatings that reached the full

5000 cycles without failure.  In those latter cases the weight

loss is more comparable to the weight loss at 1000 cycles

discussed in the previous section; that is, it measures mass lost

from the coating during a fixed number of cycles.  In this study

all 20 reinforced product panels and 11 of 48 liquid product

panels finished the protocol without failure through to the

substrate, while the other 37 liquid product panels were abraded

through to the substrate (previous Figure 15).  As a result the

combined data set for liquid products contains results

corresponding to both situations described above, making the

subsequent interpretation of results difficult.

Figure 17 illustrates the weight loss at end point measured

for all 18 products tested.  As shown in Table 11, all but four

anticipated measurements were reported by the laboratories.  For

product RN3, CAE prematurely stopped testing both panels at 3500
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cycles when abrasion wore through the topcoat to the reinforcing

mat.  For the cementitious product RE1, PSI stopped testing the
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first panel before the end point was reached due to excessive

wear of the CS-17 wheels, and then did not test the second panel

because of the experience with the first.  Also, note in Figure

17 that different plotting symbols were used within each

laboratory to denote whether or not the measurement corresponds

to weight loss at failure.

Results from the statistical analysis of these data are

listed in Tables 12, 13, and 18 which are summarized in the

following points:

• As shown in Table 12, weight loss at end point for
reinforced products averaged 0.52 grams, which was less
than that lost by liquid products (0.59 grams), even
though the reinforced products were tested for a greater
number of cycles (5000 cycles) than the liquid products
(average 3238 cycles).  These results were reasonably
consistent at the two testing laboratories (Table 13).

• Measurement variability among replicate test panels
differed somewhat between types of coatings (e.g., liquid
vs. reinforced) and laboratories, ranging from 10% to 39%
of the mean.

• Variability between replicate encapsulant products was
not found to be significant except for reinforced
products tested at PSI (Table 13).  As shown in Table 18,
this result appears to be mostly related to the
relatively small weight loss seen for product RN2 (0.06
grams) as compared with product RN1 (0.38 grams).

• The mean weight lost at end point for liquid encapsulants
was not found to be significantly different from that
lost by the paints (Table 13).  This result is explained
by the fact that the encapsulants were tested for a
significantly greater number of cycles than were the
paints (average 838 more cycles at CAE, and average 1456
more cycles at PSI).

• No clear trends were found in the results from the
multiple comparisons analysis (Table 18).  No groups were
distinguished for reinforced products tested at CAE or
liquid products tested at PSI, and the groups
differentiated for liquid products at CAE and reinforced
products at PSI showed no clear separation by different
types of products.
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Wear Index

Wear index for a particular panel was measured as the weight

lost per 1000 cycles of wear calculated across the entire

duration of the test procedure to either failure or 5000 cycles.

 As such, it provides information similar to the weight loss at

1000 cycles which was discussed earlier, except that wear index

considers loss across the entire test rather than just across the

first 1000 cycles.  Both types of measurements focus on the

durability, rather than the thickness, of the product being

tested.

Figure 18 illustrates the wear index results for all 18

coatings products.  Data completeness in this case was exactly

the same as for weight loss at end point which was discussed

earlier (Table 11).  All but four planned measurements were

reported.  CAE stopped testing both RN3 panels at 3500 cycles

when the abrasion wore through to the reinforcing mat.  For the

cementitious product RE1, PSI stopped testing the first panel

before the end point due to excessive wear on the wheels, and

then did not test the second panel to avoid additional excessive

wear.

Results from the statistical analysis of wear index data are

presented in Tables 12, 13, and 18, and are highlighted below:

• As shown in Table 12, the average wear index for
reinforced products (0.10 grams/1000 cycles) was
approximately half of that for liquid products (0.22
grams/1000 cycles).  This difference was supported by the
results from both testing laboratories (Table 13).

• Measurement variability was reasonably low for the wear
index data, ranging from 10% to 23% of the mean at the
two laboratories (Table 13).

• Variability between replicate encapsulant products was
not found to be significant except for reinforced
products tested at PSI (Table 13).  This result appears
directly related to the relatively low wear index for
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product RN2 (0.01 grams/1000 cycles) in comparison with
product RN1 (0.08 grams/1000 cycles).
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• The mean wear index for liquid encapsulants was
significantly less at both laboratories than the
corresponding mean wear index for paints (Table 13).  The
difference was estimated to be -0.04 grams/1000 cycles
based on data from CAE, and -0.07 grams/1000 cycles based
on data from PSI.

• The multiple comparisons analysis (Table 18)
distinguished 4 or 5 overlapping groups of liquid
products, with the paints and encapsulant LE1 falling
into groups with the highest wear indexes.  For the
reinforced products the CAE results could not be grouped,
but the PSI results were differentiated into three groups
with products RN1 and RN2 having the lowest wear indexes.

Summary of Dry Abrasion Resistance Results

Results from this study indicate that the dry abrasion

resistance test may be able to differentiate among different

types of liquid products.  In addition, even though all

reinforced products completed the full 5000 cycles of abrasion

without failure through to the substrate, this protocol

calculates additional information, such as the wear index, that

can be used to distinguish among reinforced products.  Weight

loss, both at 1000 cycles and in terms of the wear index, was

greater for liquid coatings than for reinforced coatings.  The

loss per 1000 cycles for reinforced coatings (0.10 grams/1000

cycles) was approximately half of that for the liquid coatings. 

Also, the weight loss at 1000 cycles and the wear index were both

greater for paints than for liquid encapsulants by about 0.04 to

0.07 grams/1000 cycles.  Not surprisingly then, the average end

point for liquid encapsulants was approximately 1000 cycles

greater than the average end point for paints.  Also, the

replicate product variability was sometimes large for the liquid

products, particularly for the cycles to end point, weight loss

at end point, and wear index.

4.10  VISCOELASTIC PROPERTIES
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Viscoelastic properties including tensile strength,

elongation, and stiffness were determined for all 18 products. 

These properties may vary with film thickness, method of

preparation, gauge length, type of grips and rate of load

application.  For this study, test parameters were set to film

width of one inch, gauge 1 length of 1.5 inches, and crosshead 2

speed of 4 mm/minute.  Free films for testing were produced on

silicone release paper by drawdown except for RE1, the

cementitious product, which was trowel applied.  The free films

were not all the same thickness, but varied from product to

product.  Free films of reinforced systems included the

reinforcing mat.  Some products, especially reinforced products

RE1, RE2, RE3, and RN3, were difficult to cut into one-inch

strips after the coating cured without introducing stress in the

films.  Nicks and jagged edges can reduce the tensile strength of

the free films by acting as sites for tearing. 

Ten free film strips were generally tested for each product;

however, only the five film strips demonstrating the highest

tensile strength were used for calculation of mean tensile

strength, elongation, and stiffness.  The five determinations

displaying the lowest tensile strengths were eliminated from the

calculation because film defects and handling damage can result

in lower tensile strength results.  Films can be easily damaged

during handling or mounting, or by jaw slippage or tearing during

testing.

Tensile strength is one of the most reported mechanical

properties for materials characterization.  Tensile strength in

pounds per square inch (psi) is the load per unit area at which a

test substance fails in a tension (pull) test.  In this study,

                                        

     1According to ASTM D 2370 gauge length is the initial length of
the test specimen between the jaws of the tensile tester.

     2Crosshead speed is the speed at which the jaws travel during
testing.
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failure was the point at which the free film ruptured.  For

reinforced products, the reinforcing materials contribute a major

component of the tensile strength.  That is, the tensile strength

of a reinforced product would likely increase or decrease if the

reinforcement type were changed.  For example, if a mat with

increased tensile strength were incorporated into a product

system, the tensile strength for the product system would be

expected to reflect this increased tensile strength.  Although

four mat types were included in this study, no conclusions could

be drawn from the data concerning relative tensile strengths of

these four mats.

Elongation-at-break, reported as a percentage, describes the

increase in specimen length from the point of initial load

application to the point of film rupture in the tensile test. 

Stiffness is the ratio of the stress applied to the elongation

observed.  Stiffness (modulus of elasticity) was calculated as

directed in the ASTM method for organic coatings.

Tensile Strength

The tensile strengths for all 18 products tested are shown

in Figure 19.  As shown in Table 11, results for five free films

were used in the statistical analysis for each of the 18

products.  However, one result for product LE3 at PSI was missing

because only four free films could be retained intact.  Figure 19

indicates that tensile strengths for the reinforced products were

generally greater than those for the liquid products, but the

variability in these results was also generally greater for

reinforced products than for liquid products.

Statistical results for the tensile strength tests are

presented in Tables 12, 13, and 19 which can be summarized by the

points that follow:

• No draft ASTM E06.23.30 standard currently exists for any
of the viscoelastic properties measured in this study
(i.e., tensile strength, elongation, stiffness).
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• As shown in Table 12, the mean tensile strength for
reinforced products (3366 psi) was much greater than that
for liquid products (580 psi).  This result was found for
tests performed both at CAE and PSI, but it is also
interesting to note that tensile strengths reported by
CAE were almost always greater than or equivalent to
those reported by PSI, with the exception of the
cementitious product RE1 (Table 13 and Figure 19).





Table 19.  Results of Multiple Pairwise Comparisons for Viscoelastic Properties

Test Type Liquid Products Reinforced Products

Viscoelastic Properties--

Tensile Strength--CAE

   Product HPI HPE LE4 LN6 LPE LE1 LN1 LE5* LN3* LE3* LPI LN5* RN1* RN2* RE2* RE3* RN3 RE1

   Mean (psi) 2085 994 810 805 664 661 642 406 358 353 236 208 5456 5331 4364 4261 3706 855

   Group A A A A A A A

   Group B B B

   Group C C C

   Group D D D D

   Group E E E E

   Group F F F

Viscoelastic Properties--

Tensile Strength--PSI

   Product HPI LE4 LE1 HPE LN6 LN1 LE3* LN3* LE5* LPE LN5* LPI RN1* RE3* RE2* RN2* RE1 RN3

   Mean (psi) 1030 834 662 553 552 437 332 328 303 273 202 133 3378 3327 3245 2932 2072 1468

   Group A A A A A A

   Group B B B

   Group C C C C C

   Group D D D D

   Group E E E E E

   Group F F F F F F

   Group G G G G

::



Table 19.  Continued

Test Type Liquid Products Reinforced Products

Viscoelastic Properties--

Elongation--CAE

   Product LE3* LE5* LN5* LE4 LN6 LN1 LN3* LPE HPE LE1 LPI HPI RN3 RE1 RN1* RN2* RE2* RE3*

   Mean (%) 479 419 258 253 219 153 71 63 17 10 8 1 19 8 8 6 6 5

   Group A A A A A A

   Group B B B B B B B B B

   Group C C C

   Group D D D D

   Group E E E E E E E

Viscoelastic Properties--

Elongation--PSI

   Product LE5* LE3* LN1 LN5* LE4 LN6 LPE LN3* HPE LPI LE1 HPI RN3 RN1* RE1 RN2* RE2* RE3*

   Mean (%) 576 332 328 274 265 216 72 48 38 17 15 1 27 17 11 8 6 4

   Group A A A A A A A

   Group B B B B B B B B B B B B B B

   Group C C C C

   Group D D D D

Viscoelastic Properties--

Stiffness--CAE

   Product HPE HPI LE1 LPE LN1 LPI LN3* LE4 LN5* LE5* LE3* LN6 RN1* RN2* RN3 RE2* RE3* RE1

   Mean (psi) 617 615 535 397 391 214 213 149 110 73 71 28 5024 4839 3036 2785 2374 632

   Group A A A A A A A A A

   Group B B B B B B B

   Group C C C C C

   Group D D D D D

   Group E E E E E

Viscoelastic Properties--

Stiffness--PSI

   Product HPI LE1 LE4 HPE LPE LN6 LN1 LN3* LPI LN5* LE3* RE3* RN2* RE2* RN1* RN3 RE1

   Mean (psi) 820 307 274 176 115 114 111 108 106 40 18 1579 1286 1254 1155 659 591

   Group A A A A A A

   Group B B B B B

   Group C C C

   Group D D D D D D D

   Group E E E E E E E E

::
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• Measurement variability in tensile strength among
replicate free films was reasonably low at both
laboratories, ranging from 5% to 28% of the mean (Table
13).

• Variability between replicate encapsulant products was
not significant for reinforced products, but it was
significant for liquid coatings with differences between
the tensile strengths for replicate products ranging from
30 psi to 150 psi at the two laboratories (Table 13). 
The lack of significance for the reinforced products was
probably due to the higher measurement variability found
in comparison with the liquid products.

• The average tensile strength for liquid encapsulants
based on PSI data was not found to be significantly
different from that of paints; but CAE test results
indicated that the average tensile strength for liquid
encapsulants was significantly lower (-398 psi) than that
for paints.  CAE results showed that the two liquid
products with the greatest tensile strengths were the
high-quality interior (HPI) and exterior (HPE) paints
(Table 19).  The lack of significance in the PSI results
is most likely due to the higher measurement variability
found for that laboratory.

• The multiple comparisons analysis (Table 19) separated
the coatings products into several groups based on
tensile strength, but the groupings did not clearly
distinguish between paints and encapsulants.  For
example, for the liquid products, the high-quality paints
(HPI and HPE) and exterior acrylic encapsulant (LE4) were
found to have relatively high tensile strengths.

Elongation

The elongation test results for all 18 products are

presented in Figure 20.  Just as for the tensile strength data

discussed above, all but one of the planned elongation results

were reported (Table 11).  PSI could not measure one result for

product LE3 because only four of five free films could be

maintained intact.  Figure 20 shows that elongation for the

reinforced products was generally low in comparison with the

liquid products, and that there was wide variability in

elongation among the liquid products.
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Tables 12, 13, and 19 list results from the statistical

analysis of the elongation data which can be summarized as

follows:

• Table 12 shows that the mean elongation for liquid
products (171%) was much greater than the mean elongation
for reinforced encapsulants (10%).  Also, the results
were fairly consistent for testing at CAE and PSI (Table
13), except that elongations measured by PSI for liquid
products LE5 and LN1 were much more variable among
replicate panels than corresponding elongations measured
by CAE (Figure 20).

• Measurement variability among replicate free films was
relatively high for the elongation tests, ranging from
27% to 85% of the mean (Table 13).  This statement is
particularly true of the PSI elongation measurements for
liquid products LE5 and LN1.

• Variability between the elongation results for replicate
encapsulant products was generally found to be
statistically significant (Table 13), ranging between 59%
and 244% for the liquid products, and between 1% and 9%
for the reinforced products.

• The mean elongation for liquid encapsulants was
significantly greater than that for paints; Table 13
indicates that the difference in elongation varied
between 186% and 207% for tests performed at CAE and PSI.

• Results from the multiple comparisons analysis (Table 19)
indicated that this test may be able to
distinguish various product groupings.  For
example, at both CAE and PSI three paints (HPI,
LPI, and HPE) and one hybrid latex encapsulant
(LE1) exhibited the lowest elongations, while 

the liquid exterior acrylic latex encapsulant
(LE3 and LE5) had the highest elongations.

Stiffness

Figure 21 presents the stiffness results for all 18 products

tested.  As shown in Table 11, there were 11 test results that

were missing from the stiffness data set.  CAE had four free

films (all LN2) that broke before 1% elongation was achieved, and

one film that was incorrectly measured due to an operator error.
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 The tensile tester generated continuous data from zero to break

but stiffness is calculated by definition at the point of 1%
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elongation.  PSI had five free films (all LE5) for which

stiffness measurements could not be made, and one case where only

four of five free films could be produced intact.  Similar to the

tensile strength measurements discussed previously, Figure 21

shows that the stiffness of the reinforced products was generally

greater than that of the liquid coatings, and the variability of

the stiffness data for the reinforced products was also greater

than the variability of the liquid coating results.

Statistical modeling results for the stiffness data are

listed in Tables 12, 13, and 19, and are summarized as follows:

• Table 12 shows that the mean stiffness for reinforced
products (2101 psi) was nearly ten times greater than the
mean stiffness for liquid products (233 psi).  This same
result was generally found for test results run at both
CAE and PSI (Table 13).  However, while reasonably good
agreement between test results at CAE and PSI was
observed for the liquid products (Figure 21), the
agreement was not nearly as close for the reinforced
products, where both the mean stiffness and variability
among test results were much greater for the CAE data
(except for the cementitious product RE1, where there was
good interlaboratory agreement).

• Measurement variability in stiffness among replicate free
films ranged from 17% to 45% of the mean, although the
variability for reinforced products tested at CAE was
much higher than for the PSI data and the CAE data for
liquid products (Table 13).

• Variability between the stiffness measurements for
replicate encapsulant products was not significant for
reinforced products, but it was significant for liquid
products (Table 13).  Differences between the mean
stiffness for replicate liquid encapsulants ranged from 2
psi to 103 psi.  The lack of significance for reinforced
products was probably due to higher measurement
variability in comparison with the liquid products.

• The average stiffness for liquid encapsulants was
significantly lower than that for paints; Table 13
indicates that the difference was -230 psi at CAE and   
-154 psi at PSI.

• Results from the multiple comparisons analysis indicate
several possible groupings but no clear distinction among
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different types of products.  However, for the liquid
products, the high-quality interior paint (HPI) and
hybrid latex exterior encapsulant (LE1) were generally
found to have the greatest stiffness at both CAE and PSI.

Summary of Results for Viscoelastic Properties

The results of this study indicate clear differences between

the viscoelastic properties of the liquid and reinforced coatings

tested.  In addition, the results sometimes indicated possible

groupings among different types of products.  Tensile strength

and stiffness were generally much greater for reinforced products

than for liquid products, due in part to the presence of the

reinforcing mats.  Conversely, elongation was generally much

lower for reinforced products than for liquid products. 

Similarly, tensile strength and stiffness were higher, while

elongation was lower, for the paints when compared with liquid

encapsulants.  These results were primarily due to the tensile

strength and stiffness of the high-quality paints tested, rather

than the low-quality paints.  In addition, higher measurement

variability was observed for the elongation data as compared with

the tensile strength and stiffness measurements.  For the tensile

strength and stiffness data, greater variability was seen for the

reinforced coatings than for the liquid products.  Also, the

variability between replicate encapsulant products was found to

be significant for tensile strength and stiffness measured on the

liquid products, as well as elongation measured on both the

liquid and reinforced products.  The lack of significance between

replicate reinforced products for the tensile strength and

stiffness tests was probably due to the higher variability found

in these data.

4.11  BLISTERING

Blistering was evaluated for all 18 products following 24-

hour water immersion, and for the nine exterior products

following weathering.  In this test, sample panels were compared
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with ASTM photographic reference standards to rate the size and

frequency of blisters.  The numerical scale for blister size runs

from 10 to 0.  A rating of 10 represents no blistering and a

rating of 8 represents the smallest size blister that can be seen

without magnification.  The frequency of blistering at each

numerical size was determined from the photographic reference and

designated by adding D (dense), MD (medium dense), M (medium), or

F (few) to the size rating (e.g., 8D).  Blistering can be used as

a rough visual gauge of adhesion loss through film defects or

degradation.

Immersed Panels

The blistering test was run after a ten-minute dry for all

panels that were subjected to the water immersion protocol.  As

shown in Table 11, this test was planned for 66 panels at each

laboratory, and all but one of these results were reported.  In

the lone exception, CAE was unable to run the test because one

RE3 panel lost adhesion before the water immersion protocol was

initiated.  Results from the blistering test, which are depicted

in Figure 22, indicate that the reinforced products experienced

no problems with blistering after water immersion, while the

liquid products had a number of panels that blistered.  One point

to notice in Figure 22 is that the data for each product and

laboratory are summarized by the sample mode (i.e., the most

frequently occurring blister rating) rather than by the sample

mean as in previous figures.  This change was made in order to

include the letter designations for the frequency of blisters.

Statistical analyses were performed using only the numerical

part of the blister rating which measures the size of the

blisters.  It should be noted that this approach ignores the

blister density and implicitly assumes that coatings forming many

small blisters perform better than coatings forming a few larger

blisters.  Although these data are only semi-quantitative in

nature, some useful results were obtained from the statistical



147

analyses which are presented in Tables 12, 13, and 20, and

summarized below:
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• No draft ASTM E06.23.30 standard currently exists for the
blistering test.

• All panels for the reinforced products received a blister
rating of 10 indicating that no blisters were present. 
Because there was no variability in results observed for
the reinforced products, this test was not able to
distinguish among the various coatings, and no further
statistical analysis could be performed.

• The mean blister rating for liquid products was 6 (Table
12), and roughly equivalent results were recorded by both
CAE and PSI (Table 13).

• Variability between replicate encapsulant products was
not found to be significant at either laboratory (Table
13).

• The average blister rating for liquid encapsulants tested
at PSI was not found to be significantly different from
that for paints (Table 13).  In addition, the CAE data
indicated a difference of 1, which was statistically
significant but probably not practically significant.

• The multiple comparisons analysis of CAE data found the
two low-quality paints and the interior encapsulant LN1
forming a group with the lowest ratings (i.e., the
largest blisters).

Weathered Panels

Figure 23 presents the blister ratings for all nine exterior

products that were subjected to the weathering protocol.  Data

completeness in this case was excellent with all planned

measurements being reported by both laboratories (Table 11).  As

can be seen in Figure 23, very few blisters were observed after

weathering.

Results from the statistical analysis of these blistering

data, which are listed in Tables 12, 13, and 20, can be

summarized as follows:

• All panels for the reinforced products received a blister
rating of 10 indicating that no blisters were present. 
In addition, for the liquid products blisters were
observed only for the low-quality exterior paint (LPE)
and acrylic exterior encapsulant (LE4).





Table 20.  Results of Multiple Pairwise Comparisons for Blistering and Chalking Tests

Test Type Liquid Products Reinforced Products

Blistering--Immersed

Panels--CAE

   Product LE1 HPE LE3* HPI LE5* LE4 LN3* LN5* LN6 LPE LN1 LPI No analysis--no variation among panels

   Mean (0-10 rating) 10 10 10 10 10 9 6 6 4 3 2 2

   Group A A A A A A A

   Group B B B B

   Group C C C C

   Group D D D D

Blistering--Immersed

Panels--PSI

   Product HPI LE1 LN5* HPE LE4 LN3* LE5* LPI LE3* LPE LN6 LN1 No analysis--no variation among panels

   Mean (0-10 rating) 8 8 8 8 7 6 5 5 4 3 3 2

   Group A A A A A A A A A A A A A

Blistering--Weathered

Panels--CAE No analysis--no variation among panels No analysis--no variation among panels

Blistering--Weathered

Panels--PSI

   Product LE1 HPE LE3* LE5* LE4 LPE No analysis--no variation among panels

   Mean (0-10 rating) 10 10 10 10 10 4

   Group A A A A A A

   Group B B

Chalking--Weathered

Panels--CAE

   Product LE4 LE5* LE3* LPE LE1 HPE RE1 RE3* RE2*

   Mean (0-10 rating) 10 9 9 8 7 7 10 7 7

   Group A A A A A

   Group B B B B

   Group C C C

Chalking--Weathered

Panels--PSI

   Product LE5* LE3* LE4 HPE LE1 LPE RE1 RE2* RE3*

   Mean (0-10 rating) 8 8 8 8 7 7 8 7 7

   Group A A A A A

   Group B B B B B B

::
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• No variability between replicate encapsulant products was
observed at either testing laboratory (Table 13).

• For tests conducted at PSI, the average blister rating
for liquid encapsulants was found to be 3 higher (i.e.,
smaller blisters were observed) than that for paints
(Table 13).  This difference was statistically
significant, but probably not practically significant.

• The only differentiation among blister ratings for the
liquid products that was determined by the multiple
comparisons analysis was that the low-quality exterior
paint had significantly lower ratings (i.e., larger
blisters).

Summary of Results for Blister Ratings

The results of this study indicate that the blistering test

may be able to distinguish between some different types of

products.  However, in this study this separation could only be

made between encapsulants and low-quality paints; encapsulants

and high-quality paints could not be distinguished.  Furthermore,

no blisters were observed for reinforced encapsulants, so no

differentiation among these products could be made.  In addition,

far fewer blisters were seen after weathering than after water

immersion, so the blistering test appears more likely to be able

to differentiate among products when run in conjunction with the

water immersion protocol.

4.12  CHALKING

Chalking was evaluated for the nine exterior products after

being subjected to the weathering protocol.  A black wool felt

fabric was wrapped around the index finger and rubbed against the

surface of the weathered panel through 180 degrees.  The fabric

surface was then compared visually with ASTM photographic

reference standards.  The rating scale for Method A was 0 to 10

with a rating of 10 indicating no visual evidence of chalking. 

Data were collected from more than one area on each panel and

reported as a mean.
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Chalking is the formation on a pigmented coating of a powder

evolved from the film itself at, or just beneath, the surface. 

Therefore, the presence of chalk can indicate degradation of an

exterior coating film.

Weathered Panels

Figure 24 shows the chalking ratings for all nine exterior

products that were subjected to the weathering protocol.  Also

shown in the figure is the ASTM E06.23.30 draft performance

standard for liquid coatings of 8.  Data completeness for this

test was excellent with all but one planned measurement being

reported (Table 11).  The single exception was one panel for

acrylic exterior encapsulant LE4 which was so badly warped during

weathering that further testing could not be completed.  As can

be seen in Figure 24, most panels exhibited some degree of

chalking after weathering.

Tables 12, 13, and 20 present results from the statistical

analysis of the chalking data.  A summary of these results is

provided in the following points:

• Of the 6 liquid products tested at CAE and PSI, only 3
products at CAE met the draft ASTM E06.23.30 standard of
8 for all panels evaluated; those products were the
acrylic latex encapsulants (LE3 and LE5) and the acrylic
encapsulant (LE4).  However, for one other product tested
at CAE (LPE) and 3 other products tested at PSI (LE3,
LE4, LE5), the average chalking result met the draft ASTM
tandard.  There is currently no draft ASTM standard for
reinforced products.

• The average chalking rating was similar for reinforced
(8) and liquid (8) products (Table 12), and for tests
conducted by CAE and PSI (Table 13).

• No significant variability between the results for
replicate encapsulant products was found at either
testing laboratory (Table 13).

• For tests performed at both laboratories, the average
chalking rating for liquid encapsulants was statistically
significantly higher (i.e., less chalking was observed),



154

but not practically higher, than the average rating for
standard exterior paints (Table 13). 

• For the liquid exterior products, results from the
multiple comparisons analysis suggest no clear
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distinction among different types of products.  However,
the standard exterior paints (LPE and HPE) and the hybrid
latex encapsulant (LE1) experienced somewhat more
chalking than the other three liquid products (Table 20).

Summary of Results for Chalking Ratings

The reinforced encapsulants, liquid encapsulants, and paints

all exhibited similar average ratings; and no clear grouping was

observed in the test results between various types of products. 

Also, results from this study indicate that while some

differences observed for the chalking test were statistically

significant, they may not be practically significant.  For

example, most of the significant differences found were on the

order of 1 or 2 rating points.

4.13  PENCIL HARDNESS

Film hardness was determined by the pencil test for all 18

products both before and after water immersion.  Special

calibrated pencils were moved across each sample surface at an

angle specified by the ASTM test method and then progressively

softer pencils were used until a pencil was found that did not

cut (gouge) the sample surface.  The number of this pencil was

then recorded as the end point.  Two locations were tested on

each panel and reported.

Determination of film hardness by the pencil test is not

currently proposed as a test to evaluate performance for

encapsulants.  It was included in this study to provide

additional information about the effect of the 24-hour water

immersion on the surface hardness of the products. 

Identification of the end point is subjective and can vary from

one technician to another.  Therefore, hardness by the pencil

test may have poor interlaboratory repeatability and

reproducibility.
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Results for Unexposed Panels

The pencil hardness results for unexposed panels are

presented in Figure 25 for all 18 products and both testing

laboratories.  As with the blistering data presented earlier,

this figure shows both individual panel ratings and the mode

(i.e., most frequently cited rating) for each product and  

laboratory.  As shown in Table 11, data completeness was good for

CAE and poor for PSI.  CAE had one panel (two measurements) for

the acrylic and polyester product RE3 that delaminated prior to

testing.  PSI on the other hand misunderstood the study design,

thinking they were only to test panels after water immersion and

not before.  Therefore, they were only able to complete 36 tests

on a small number of unexposed and unused panels they still had

near the end of the study.

Prior to statistical analysis the pencil hardness ratings

shown in Figure 25 were recoded to an increasing numerical scale

of 0-13 where the values 0 and 6B represent the softest coatings,

and the values 13 and 6H represent the hardest coatings.  Tables

12, 13, and 21 present results from the statistical analysis of

the pencil hardness data which can be summarized as follows:

• Table 12 indicates that on average the reinforced
coatings (9 rating) were harder than the liquid coatings
(6 rating), although this difference was mostly
attributable to the hardness of the reinforced exterior
products (all panels had the maximum rating of 13). 
Also, the hardness ratings were reasonably consistent
between the two laboratories (Table 13).

• Differences between the hardness ratings of replicate
encapsulant products were generally found to be
statistically significant, but not practically
significant, with average differences only up to 3 being
observed (Table 13).

• No practically significant difference was found between
the average pencil hardness of liquid encapsulants and
paints.
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• The only noteworthy trend seen in the multiple
comparisons results for both laboratories was that the
reinforced exterior products were significantly harder
than the reinforced interior products (Table 21).

Immersed Panels

Pencil hardness data for the immersed panels are presented

in Figures 26 and 27 corresponding to readings taken

approximately 10-20 minutes versus 120 minutes after removal from

the water, respectively.  Data completeness was quite good for

this data set.  PSI reported all 156 measurements that were

planned, while CAE had problems with only two panels (Table 11).

One panel (two readings) for product LN4 was damaged while

performing the 10-minute pencil hardness test, and could not be

used for the subsequent 120-minute test.  Also, one panel (two

readings) for the acrylic and polyester reinforced product RE3

delaminated prior to water immersion making further testing

impossible.

The following points highlight the results of the pencil

hardness testing which are also summarized in Tables 12, 13, and

21:

• Both the liquid and reinforced coatings experienced a
loss of hardness at both 10 minutes and 120 minutes after
water immersion in comparison with unexposed panels
(Table 12).  It should be noted, however, that the loss
in hardness was less for the reinforced products in
general, and that the reinforced exterior products
experienced no loss in hardness (Figures 25, 26, and 27).

• Differences in hardness after immersion between replicate
encapsulant products were generally not found to be
significant.

• Pencil hardness after immersion for liquid encapsulants
was not found to be significantly different from that for
paints (Table 13).

• The multiple comparisons analysis found that the hardest
liquid products after immersion were generally the high-
quality exterior paint (HPE) and the acrylic exterior
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encapsulant (LE4); while the hardest reinforced products
after immersion were the exterior products.



Table 21.  Results of Multiple Pairwise Comparisons for Pencil Hardness Testing

Test Type Liquid Products Reinforced Products

Pencil Hardness--

Unexposed Panels--CAE

   Product LE1 LPI LE3* LN6 LN3* HPI LN5* HPE LE4 LE5* LN1 LPE RE1 RE2* RE3* RN3 RN1* RN2*

   Mean (0-13 rating) 6 6 6 6 6 6 6 6 6 6 6 6 13 13 13 7 5 4

   Group A A A A A A A A A A A A A

   Group B B B B B B B B

   Group C C

   Group D D

Pencil Hardness--

Unexposed Panels--PSI

   Product HPI LN1 LN6 LN3* LE3* LN5* HPE LE4 LE5* LPE LE1 LPI RE1 RE2* RE3* RN1* RN2* RN3

   Mean (0-13 rating) 7 6 6 5 5 5 4 4 4 3 2 2 13 13 13 8 8 7

   Group A A A A A

   Group B B B B B B

   Group C C C C

   Group D D D D

   Group E E E

   Group F F F

Pencil Hardness--10 min.

After Immersion--CAE

   Product No analysis--no variation among panels RE1 RE2* RE3* RN3 RN2* RN1*

   Mean  (0-13 rating) 13 13 13 5 0 0

   Group A A A A

   Group B B

   Group C C C

Pencil Hardness--10 min.

After Immersion--PSI

   Product LE4 HPE LE5* HPI LN3* LPI LE3* LN1 LE1 LPE LN5* LN6 RE1 RE2* RE3* RN3 RN2* RN1

   Mean (0-13 rating) 4 2 1 1 0 0 0 0 0 0 0 0 13 13 13 9 0 0

   Group A A A A A A

   Group B B B B B B B B B B B B B

   Group C C C

::



Table 21.  Continued

Test Type Liquid Products Reinforced Products

Pencil Hardness--120 min.

After Immersion--CAE

   Product HPE LE5* LE1 HPI LN1 LPE LE4 LN6 LE3* LN3* LN5* LPI No analysis--no variation among panels

   Mean (0-10 rating) 5 4 3 3 2 2 2 2 1 1 0 0

   Group A A A A A A A A A

   Group B B B B B B B B B B B B

Pencil Hardness--120 min.

After Immersion--PSI

   Product LE4 HPE LN1 HPI LPE LPI LN5* LE1 LE5* LN3* LE3* LN6 No analysis--no variation among panels

   Mean (0-13 rating) 7 5 2 2 1 1 1 0 0 0 0 0

   Group A A A

   Group B B B B B B B B B B B B
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Summary of Pencil Hardness Results

Results from this study indicate that the pencil hardness

test can probably distinguish the exterior reinforced encapsulant

products from other coatings, but not differences among other

types of products.  After water immersion, all products except

the reinforced exterior encapsulants experienced a substantial

loss of hardness.
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5.0  QUALITY ASSURANCE

This section summarizes the quality assurance steps that

were taken throughout the study to ensure the quality of the test

results.  Important elements of the study design related to

quality assurance are described first, followed by a summary of

the approach and results from the three different quality

assurance audits that were conducted at each laboratory.

5.1  METHODS EMPLOYED

Initial planning for this study involved the writing of a

Quality Assurance Project Plan (QAPjP).  The QAPjP (1) described

in detail the study design, sample collection procedures,

analysis and measurement methods, data processing and statistical

analysis procedures, and planned quality assurance audits. 

Copies of internal quality assurance plans from each of the

testing laboratories were also obtained and included as part of

the QAPjP.  Before any actual testing occurred, the QAPjP was

submitted for EPA approval, and then copies were distributed to

the designated Quality Assurance Officers at each of the

laboratories.  In addition to the study design previously

discussed in Chapter 2, the QAPjP outlined specific procedures to

ensure the quality of the study data.  These procedures are

briefly described discussed in the following paragraphs.

Sample products used for testing were purchased in regular

commercial containers as supplied by the manufacturers.  The

containers were cleared of commercial identifying marks and

labeled with three-character Product ID codes corresponding to

each of the 18 products selected for testing.  The products were

then shipped to each of the laboratories along with a Product

Identification Form to trace the exact quantities transferred. 

Application instructions for each product were also written based

upon recommendations from the manufacturers and were shipped with

the products.  All products were protected from environmental
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extremes during shipment and storage as directed by the

manufacturers.

Sample panels were prepared by the laboratories based on the

application method, film thickness, and dry/cure time specified

in the instructions for each product.  All panels were

permanently labeled with an identification code comprised of the

Product ID and a unique sample number.  The entire sample

preparation process, including equipment used and procedures

followed, was documented in such a way that the panel preparation

process could be duplicated in the future.

Equipment used to measure data was calibrated with

traceability to national reference standards.  Calibration

procedures were performed before and after each equipment use,

and between measurements as needed for each particular

instrument.  The actual calibration schedule followed during

testing was documented by each laboratory.

In order to protect against potential biases introduced

during testing by various instruments, testing days, and

technicians, all tests were performed in a randomized order.  

Randomized testing schemes were prepared for each of the test

types and were given to the laboratories.  These schemes ensured

that the panels prepared with each individual product were tested

in a different randomized order for each test type and each

replicate panel, with each laboratory following the same order.

All study data were examined for accuracy through a series

of checks.  Electronic data files were generated by each

laboratory before transfer for statistical analysis.  Prior to

transfer, each laboratory performed a 100% check of its data

files to confirm that the data were consistent with the test

results recorded in the laboratory books used during testing. 

Extensive visual inspections of the data were also conducted

prior to performing any statistical analysis.  Obvious outliers,

incomplete test results, and other discrepancies found in the

data were reported to the laboratories for correction or
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explanation.  Finally, a data audit was designed to compare 5-10%

of the data in the laboratory notebooks with the final SAS ®

datasets used in the statistical analysis.

5.2  AUDIT RESULTS

To ensure data quality within the project, each testing

laboratory was subjected to three separate quality assurance

audits -- a system, performance, and data audit.  These audits,

conducted by the Quality Assurance Unit of the statistical

analysis contractor, were in addition to the routine quality

control checks and procedures performed at each laboratory.

System Audit

The system audit was conducted via an on-site inspection at

each laboratory prior to testing to ensure that the sample

handling, testing, data collection, and quality control

procedures were adequate to meet the data quality objectives of

the program.  Areas examined in the audit included company

organization and personnel, laboratory facilities, operations,

and equipment.  The system audit at PSI was performed on February

1, 1994, and the audit of CAE occurred on February 2, 1994.

The system audit at PSI determined that their quality

assurance and quality control procedures, personnel

qualifications, equipment suitability and availability, and

facility parameters were all adequate for performance of the

study, with the exception of four specific recommendations.  PSI

was formally asked to resolve these issues on February 7, 1994,

and a response from PSI agreeing to implement changes was

received on February 23, 1994.  The issues of concern followed by

the steps that PSI took to resolve them are listed below.

• A management review of Personnel Training Forms for Test
Procedures and Standards needed to be completed to insure
that technical staff assigned to the study were familiar
with current standards, and that company training
requirements shown in the Quality Assurance Manual were
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in compliance.  PSI indicated that they were currently
performing a review to update their Personnel Training
Forms.  They also were reviewing the applicable ASTM
Methods and signing-off on the forms.

• Moderate to severe housekeeping and cleanliness problems
were noted throughout the facility.  PSI stated that
cleaning would be performed on a daily basis, and that
they would take steps to assure a clean environment,
including air and working surfaces.

• Facility plans to address necessary spatial requirements
for adequate test panel preparation and drying needed to
be documented.  PSI stated that the inner laboratory area
would be used for the sample preparation.  They also
obtained a system of shelves that could be placed in the
lab for drying the panels.

• Equipment was lacking or insufficient with regards to the
weathering chamber, actual ASTM photographic reference
standards for ASTM D 714, enough dollies to use for pull
adhesion with the water immersion test, and available
hood space.  The requirement to perform and document
daily balance calibration checks with a 2x standard
weight bracket was also mentioned.  PSI arranged to
purchase a second weathering chamber and a set of ASTM D
714 photographic standards; planned to clean and reuse
their current supply of dollies (additional dollies were
available from a local supplier if needed); planned to
efficiently utilize their hood space; and planned to
check the analytical balances with standard calibration
weights on testing days.

The quality assurance and quality control procedures,

personnel qualifications, equipment suitability and availability,

and facility parameters for CAE were examined during their system

audit, and were all found to be adequate for performance of the

study, with the exception of four specific recommendations.  CAE

was formally asked to resolve these issues on February 8, 1994,

and a letter from CAE responding to these issues was received on

February 15, 1994.  The issues of concern followed by the steps

that CAE took to resolve them are listed below.

• Additional QA staff were needed to monitor the QA/QC
activities for the study, as well as meet the facility QA
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objectives.  CAE hired an additional staff member for
their Quality Assurance Section to assist with the QA
tasks for this study and to update their Quality
Assurance Manual.

• Files containing staff capability, experience, and
training were found to be incomplete in some cases.  CAE
assigned their Personnel Director to assemble information
concerning staff capability, experience, on-the-job
training, and vendor training into a single Personnel
Qualifications File.

• Only those ASTM Method versions referenced in the study
QAPjP were applicable to this program even though CAE
possessed more recent versions of some of the methods. 
CAE advised their staff members working on the study to
use only the QAPjP-referenced ASTM Method versions.

• It was requested that the daily balance calibration check
with a 2x standard weight bracket on days of use be
documented in the study files.  CAE included in their
test protocol that a daily balance calibration check with
a 2x standard weight bracket be conducted and documented
in program notebooks.

Performance Audit

The performance audit was conducted via an on-site

inspection to ensure that testing, data collection, and quality

control procedures were being properly implemented in accordance

with the study QAPjP.  Performance audits were scheduled to be

conducted after approximately 25% of the required tests had been

completed so that a significant amount of data had already been

collected, but yet the majority of tests were still to be run. 

In this way any performance concerns which were discovered could

be addressed and corrected before the majority of the data were

collected.

Areas examined during the audit included training and

capabilities of laboratory staff; availability and condition of

laboratory facilities;  availability, maintenance, and

calibration of the testing equipment; and adherence to standard

sample handling, testing, data collection, and quality control

procedures.  Implementation of recommendations made during the
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system audit were also discussed with each laboratory as part of

the performance audit.  The performance audit at CAE was

conducted on April 6, 1994, while the performance audit at PSI

was delayed until May 13, 1994, because of schedule difficulties

they encountered while preparing the sample panels.

During the performance audit at CAE the scrub resistance

test and panel exposure in the weathering chamber were observed.

 With the exception of minor items, CAE appeared to be performing

the tests within, or exceeding, compliance aspects stipulated in

the QAPjP.  CAE was notified of the following exceptions in a

letter dated April 13, 1994.

• Lab records needed to be expanded to include descriptions
of all mixing and sub-sampling steps performed prior to
panel application; gage designations, calibration
procedures, and adherence to test method citation needed
to be included in the Dry Film Thickness record book; and
the source and type of silica used for the Abrasive Scrub
Media needed to be noted in the Scrub Resistance record
book.

• Immediate resolution to blocking and sticking of prepared
sample panels needed to be addressed, with any damage
noted on these panels included in the study records.  A
thorough quality control check of panel identification
also needed to be performed and documented.

• Work should continue towards the improvement of personnel
training and experience records and Standard Operating
Procedures and maintenance records.  It was noted that
the new Quality Assurance staff member was currently
being trained to assist in these efforts.

The performance audit at PSI took place while laboratory

staff were conducting the scrub resistance test.  Audit personnel

observed that PSI was performing the tests as required and in

accordance with the QAPjP.  Specific items that were recommended

to PSI based on the performance audit, as well as incomplete

implementation of the system audit recommendations, are listed

below.  These issues were discussed with laboratory officials
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during the performance audit and were documented in a letter to

PSI dated June 8, 1994.

• Replacement of the facility QA Supervisor was needed to
insure a totally independent QA/QC function within the
facility.  The current design of district managers
providing their own QA/QC oversight leads to a possible
conflict of interest.

• Continued improvement in the cleanliness and organization
of the laboratory work area was encouraged.

• Location of the third set of MSDS sheets shipped with the
products needed to be determined so that they could be
returned at study completion.

• Improved documentation in laboratory records was needed
regarding test panel accountability, test panel
preparation and preconditioning, daily calibration checks
of balances, and any other experimental details required
to reconstruct the study activities conducted at PSI.

• Verification of the Weatherometer time and temperature
readings needed to be added to the study records.

• Laboratory staff needed to be reminded to use ink when
recording test data and to make study records as complete
and legible as possible.

Data Audit

The data audit was conducted via a comparison of original

laboratory data records against data listings created from the

project database to ensure that test data were accurately

transferred and that no systematic errors were introduced to the

data throughout the testing, data collection, and reporting steps

of the study.  Since both laboratories were required to perform a

100% check of their data before transmitting it, the data audit

was designed to verify only 10% of the data generated by each

laboratory.  However, plans were made to subject the remaining

portion of the data to audit if serious discrepancies were

uncovered in the verification process.  The data audit took place

during April and May of 1995.
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A total of 39 panels from each laboratory were chosen by a

random method for the data audit.  The selection of these panels

was designed to ensure that panels for all test types and all

encapsulant products were included in the audit.  Data for these

panels were tracked from test substance preparation and

application through electronically transmitted test results.

Selection of the data audit panels was designed to ensure

that panels for all test types and all products were included in

the data audit.  For this reason, the number of audit panels from

each test type was determined proportionately to the planned

total number of panels for that test type.  Table 22 shows the

breakdown by test type of planned total number of panels (also

expressed as a percentage of total panels), and the corresponding

number of panels to audit.  The number of panels to audit was

calculated by multiplying the planned percentage of panels by 39

(the total number of panels to be audited) and rounding up to a

minimum of 1 panel when necessary.

After determining the number of panels to be audited for

each test type, two randomized lists were generated to determine

the actual panels to be audited.  The first list contained a

randomized ordering of the 18 encapsulant products.  This

sequence was repeated three times so that all encapsulant

products would be selected at least twice for the data audit. 

The second list contained a set of randomly chosen replicate

panel numbers for every test type.  Each of these numbers was

independently chosen based on the number of replicate panels

tested for the test type, and the size of each set corresponded

to the number of panels to be audited for each test type.

Actual panel selection was identical for both testing

laboratories.  Beginning with the first test type and continuing

through each of the 13 test types defined in Table 22, the

appropriate numbers of products were sequentially selected from

the randomized product list.  The specific replicate panels for

these products were then taken from the second list.  When
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necessary, a product was temporarily skipped on the product list

if it was not one of the products tested for the current test

type (e.g., LN1 was not tested after weathering, reinforced

products were not tested for tape adhesion).  The skipped product

was then included for the next possible test type.

The selection of panels for two of the test types had to be

modified slightly from the approach described above:

· Test Type 2 (Impact Resistance) - There were no
individual panel results for this test.  The final test
result is based on at least 15 hits performed on all
replicate panels.  For this reason all replicate panels
were included in the data audit.



TABLE 22.  SUMMARY OF DATA AUDIT PANELS AND PERFORMANCE TESTS

Test
Type Tests Performed

Planned Total
No. of Panels

(% of All Panels)

No. of Panels
to Audit

Panels Selected for Audit

CAE PSI

1 Dry Film Thickness, Scrub
Resistance

54 (10.3%) 4 AJA 235 LE4
AIB 210 LE3
AAA 001 LN1
BEA 589 RN1

LE4-1
LE3-2
LN1-1
RN1-3

2 Dry Film Thickness, Impact
Resistance

72 (13.7%) 5* LE6
RN3
LN4
LN6
RN2

LE6
RN3
LN4
LN6
RN2

3 Dry Film Thickness,
Flexibility

54 (10.3%) 4 ABH 034 LN2
AKI 269 LE5
BHH 665 RE1
ACJ 062 LN3

LN2-4
LE5-8
RE1-7
LN3-6

4 Dry Film Thickness, Dry
Abrasion

36 (6.9%) 3 BJL 715 RE3
AEK 115 LN5
AGK 167 LE1

RE3-23
LN5-15
LE1-25

5 Dry Film Thickness,
Adhesion-Tape

12 (2.3%) 1** AHM 195 LE2 LE2-13

6 Dry Film Thickness,
Adhesion-Pull

54 (10.3%) 4 BIO 695 RE2
AJO 249 LE4
AIO 223 LE3
AAO 015 LN1

RE2-11
LE4-11
LE3-11
LN1-8

7 Dry Film Thickness,
Viscoelastic Properties

90 (17.1%) 6 AYC 519 RN1
AXA 505 LE6
BAG 547 RN3
APE 413 LN4
ARI 441 LN6
AZI 537 RN2

RN1-2
LE6-10
RN3-7
LN4-4
LN6-4
RN2-8

8 Dry Film Thickness, Water
Immersion, Blistering,
Pencil Hardness, Adhesion-
Tape

12 (2.3%) 1** ABT 046 LN2 +

ABV 048 LN2 ++
LN2-13

9 Dry Film Thickness, Water
Immersion, Blistering,
Pencil Hardness, Adhesion-
Pull

54 (10.3%) 4 AKU 281 LE5
BHM 670 RE1
ACS 071 LN3
BJM 716 RE3

LE5-16
RE1-13
LN3-13
RE3-13



TABLE 22. (Continued)

Test
Type Tests Performed

Planned Total
No. of Panels

(% of All Panels)

No. of Panels
to Audit

Panels Selected for Audit

CAE PSI

10 Dry Film Thickness,
Weathering, Blistering,
Chalking, Adhesion-Tape

6 (1.1%) 1** AGA 313 LE1 LE1-24

11 Dry Film Thickness,
Weathering, Blistering,
Chalking, Adhesion-Pull

27 (5.1%) 2 AHD 326 LE2
BLC 740 RE2

LE2-23
RE2-21

12 Dry Film Thickness,
Weathering, Blistering,
Chalking, Flexibility

27 (5.1%) 2 AJE 347 LE4
AIG 339 LE3

LE4-18
LE3-20

13 Dry Film Thickness,
Weathering, Blistering,
Chalking, Scrub Resistance

27 (5.1%) 2 ALI 371 LE6
BKH 735 RE1

LE6-5
RE1-4

Total 525 (100%) 39

* All panels audited for each of the 5 products selected.
**Three results to be audited for each panel.
+ Panel used for blistering and pencil hardness tests.
++Panel used for adhesion-tape test.
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Tab 22



177

· Test Type 8 (Immersed Tape-Adhesion, etc.) - Instead of
performing the Tape-Adhesion, Blistering, and Pencil
Hardness tests on the same test panel, CAE used separate
panels to perform the Tape-Adhesion test than they used
for the Blistering and Pencil Hardness tests.  In order
to include all types of test data, the appropriate
replicate panel was selected for the Tape-Adhesion test
and the same replicate panel number was used to select
the Blistering and Pencil Hardness panel.

Significant audit findings for CAE are listed below.  A

letter was sent to CAE on June 19, 1995, asking for clarification

or explanation for each of the items listed.  Other minor

discrepancies are detailed in the Data Audit Report (submitted to

EPA in July 1995).

· Physical Verification of Audit Panels and Films - Two
test panels and all six viscoelastic films could not be
located for the audit.

· Unexposed Scrub Resistance - Dry film thicknesses for all
four panels were not in agreement with lab record books.

· Impact Resistance - Data results reported for some
individual panels appeared to be combinations of hits
from multiple panels.

· Unexposed Pull Adhesion - Data reported for failure type
(adhesive vs. cohesive) were opposite of those listed in
lab record books for all four panels.

· Pull Adhesion After Water Immersion - Data reported for
failure type (adhesive vs. cohesive) were opposite of
those listed in lab record books for all three panels.

· Tape adhesion After Weathering - Dry film thicknesses for
both panels were not in agreement with lab record books.

· Pull Adhesion After Weathering - Dry film thicknesses for
both panels were not in agreement with lab record books.
 Data reported for failure type (adhesive vs. cohesive)
were opposite of those listed in lab record books for
both panels.

· Flexibility After Weathering - Dry film thicknesses for
both panels were not in agreement with lab record books.
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· Scrub Resistance After Weathering - Dry film thicknesses
for both panels were not in agreement with lab record
books.

In response to the data audit questions, CAE rechecked their

data and procedures, and on July 20, 1995 submitted a letter with

explanations for each question.  After considering these

responses, it was determined that all data in question were

correct as reported earlier, and that no changes were required to

the project data base.

Serious audit findings for PSI included a lack of

documentation as to when the water immersion and weathering steps

were performed.  In addition, listed below are audit findings for

specific tests.  A letter dated June 19, 1995, was sent to PSI

asking for clarification or explanation for each of the items

listed, as well as the lack of water immersion and weathering

documentation.  Other minor discrepancies are detailed in the

Data Audit Report (submitted to EPA in July 1995).

· Impact Resistance - The reported heights for one of the
panels did not agree with the lab record books.

· Tape Adhesion After Water Immersion - Only one pencil
reading was recorded for the one audited panel.

· Pull Adhesion After Water Immersion - Only one pencil
reading was recorded for each of the four panels.

· Tape adhesion After Weathering - The chalking result
reported for the one audited panel did not agree with the
lab record books.

· Flexibility After Weathering - A dry film thickness
reading for one panel was not in agreement with lab
record books.

In response to the data audit questions, PSI rechecked their

data and procedures, and on July 24, 1995 submitted a letter with

explanations and further information for each question.  The PSI

response led to minor changes to one coating thickness
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measurement listed in the Appendix and to one point shown on

Figure 13 for the impact resistance test results.  However, in

both cases these changes were so minor that they did not require

any changes to be made to the project data base.
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6.0  RECOMMENDATIONS

The results of this comparative study of 12 encapsulant

products and four commercial paints can be useful for assessing

the merits of the individual tests in distinguishing among the

products tested.  The results can provide guidance for

establishing realistic levels of performance for products of this

type by providing actual data on the performance of a number of

commercial products as measured in more than one laboratory by

more than one operator.  However, there are several testing

issues that should be considered in the process of improving the

test methods and selecting numerical values for minimum

performance standards.

1.  All of the tests performed in this study, with the

exception of the scrub resistance test and viscoelastic tests,

were conducted using standard metal panels.  However, the

adhesion of some encapsulants to metal panels is questionable. 

These products are not formatted specifically for metal adhesion.

Non-metallic substrates are more common in the residential

settings for which these encapsulants were designed.  Performance

testing on non-metallic substrates may provide a more realistic

indication of product performance that can be expected in

service.  The feasibility of performing these ASTM tests, or

other tests, on non-metallic substrates should be investigated. 

However, alternate substrates may present their own set of

challenges.  Selection of alternate substrates or substrate

treatments such as abrasion or primers should be based on solid

physical data.

2.  Adhesion is probably one of the most important physical

properties that an encapsulant must possess if it is to perform

well in the field.  Results from this study indicated several

difficulties with the tape and pull adhesion tests used to assess

this property.  Reproducibility of this test is affected by tape
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and adhesive variations, as well as by operator techniques.  The

tape test showed a lack of sensitivity to detect differences

among products, and it could not be performed on the reinforced

encapsulants.  The pull adhesion test indicated concerns with

adhesion to the tin-plated steel panel, the instrumentation used,

the adhesive used to fasten the dollies to the panels, scoring

around the dollies for the reinforced products, and use of the

relatively thin 0.01 inch test panel.  Investigation into

solutions to these concerns with the current tape and pull

adhesion tests is recommended, as well as consideration of

alternative tests that may be available.

3.  Variation in system thickness among panels for the same

product can in some cases introduce significant variations to the

subsequent performance testing results.  In this pilot study,

target system thickness ranges were based on product literature

recommendations for field application.  These recommendations

were usually based on spray, roll, or brush application on

vertical surfaces. The product manufacturers have experience

applying these products both in the field and in the laboratory.

 Therefore, they should be able to provide tighter target ranges

for each multi-coat and reinforced product for test panel

preparation by drawdown.  With some additional input from the

manufacturers, testing laboratories should be able to decrease

the intralaboratory and interlaboratory variability of test

panels for each multi-coat and reinforced product.

4.  ASTM E06.23.30 is considering a combination of tensile

strength and elongation to define three liquid product groups. 

Changes in these properties after exposure to temperature, time,

and weathering protocols in the laboratory might be quite useful

for understanding and predicting field service of the coatings. 

However, determination of these properties is not as rapid and

easy to perform as some of the older, more widely used,
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"practical" tests such as abrasion resistance, impact resistance,

flexibility, and hardness.  Also, additional time and laboratory

expertise is needed to make good free films.  Comparative testing

after exposure to weathering and other exposure conditions may be

difficult or expensive to implement for performance testing. 

However, the potential use of additional viscoelastic elasticity

testing after exposure should be investigated.

5.  Testing in this pilot study indicated significant

variability in some cases between replicate encapsulant products,

that is, between results for two batches of panels prepared with

two different samples of the same product.  Therefore, when

batch-to-batch variability is large, performance testing

decisions should not be based on test results from a single

product sample, but instead should be determined from testing a

number of different batches of the product.

6.  Many of the tests performed in this study may give their

most useful information as comparative tests, particularly when

test samples are prepared at the same time to control variables

such as application method, sample panel type, film thickness,

cure/dry time, test conditions (temperature and relative

humidity), and multiple operators or instruments.  Tests such as

scrub resistance, dry abrasion resistance, impact resistance,

tape adhesion, and pull adhesion can provide valuable information

about the relative performance of two or more coatings evaluated

at the same time in the same laboratory.  Therefore, it may be

useful to set some performance standards based on ranked results

among products rather than actual numerical standards.  In this

approach, a known standard coating(s) would be required to serve

as a benchmark for the test results.

7.  Although evaluation of ten potential test protocols was

conducted in this study, there are a number of other performance
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properties, suggested by ASTM E06.23.30 and others, that might

also be investigated.  For example, chemical resistance, bridging

of substrate cracking, and lead accessibility are other

properties for which testing results are not yet available to

ASTM, although they are perhaps being generated currently by

other groups.

8.  Performance testing in the laboratory is relatively

controlled and reproducible in comparison with performance that

might be experienced by the same products in natural residential

environments.  And it is this performance in service in the field

that is critical to the effective use of encapsulants.  There is

currently little, if any, information which directly correlates

laboratory performance testing results with field performance. 

This information should be collected and quantitatively analyzed.

 Of course, such an evaluation will require establishing

performance tests that can be conducted in a residential setting

and which adequately measure the true performance of encapsulants

in the field.
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